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The  pollution  problems  associated  with  unbumed  hydrocarbons  and  carbon 
monoxide  in  the  Idle  mode,  end  NQ£  and  amoka  production  in  the  power  mode  of 
aircraft  gas  turbins  operation  can  be  minimised  using  hybrid  catalytic 
combustion.  A hybrid  catalytic  combustor  consists  of  a fuel-rich  pre- 
combustor,  secondary  air  quaachiog  sons,  and  monolithic  catalyst  stage 
which  rapidly  oxidisaa  CO  and  UHC  produced  In  the  pre-combustor . The 
concentration  of  tharmrlly-producad  N0£  in  the  pre-coabuator  is  very  low 


Cl  O*  lnH»tt>iniMi  <w» 

20.  because  of  the  lack  of  oxygen.  However,  the  foraation  of  N0£ precursors 
such  as  HCN  and  NH3  produced  under  fuel  rich  conditions  tcuat  oe  conaiderei 
Data  showed  that  nltrogeneous  species  produced  in  the  rich  pre-combustion 
zone  were  efficiently  converted  to  HO'  by  catalysts  under  the  very  lean 
mixture  conditions  that  result  fro*  the  secondary  air  quench.  The 
equivalence  ratio  in  the  pre-coabustor  was  varied  from  0.5  to  1.5,  while 
the  overall  mixture,  after  secondary  air  injection,  was  in  the  range  of 
0.1  to  0.3.  ^ 

Tha  noble  Mtal  catalysts  on  various  monolithic  support  geometries  and 
compositions  whre  found  to  be  the  most  active  materials  for  CO  and  UHC 
oxidation  in  tme  temperature  rang*  of  700-1200  K.  The  combustion 
efficiency  of  the  hybrid  catalytic  combustor  for  JP-4,  which  contained 
535  ppm  sulfur,  was  determined  to  be  99. 5X  under  realistic  operating 
conditions.  Ihe  combustor  pressure  drop  was  less  than  6Z.  The  average 
emission  indices  of  CO,  UHC  and  N0X  leaving  the  HCC  were  on  the  order  of 
0.95,  0.43  and  1.8  g/kg  of  fuel,  respectively,  for  a metal  supported  Pt 
catalyst.  This  catalyst  was  effective  In  reducing  CO  by  86Z  and  UHC  by 
94Z,  and  increasing  NO,  by  68Z.  Using  approximate  methods  for  estimating 
the  EP>.  emission  parameters,  it  was  determined  that  the  hybrid  catalytic 
combustor  can  seat  the  1981  new  aircraft  emission  standards. 

Bused  upon  these  encouraging  results,  two  7.6  cm  diameter  hybrid 
catalytic  combustors  were  fabricated  and  delivered  to  the  Air  Force  for 
further  evaluation. 
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SECTION  I 
SUMMARY 


The  Environmental  Protection  Agency  emissions  standards  for 
subsonic  turbo 'an  or  turbojet  aircraft  engines  manufactured  on  or  after 
January  1,  1981  of  35.6  kN  thrust  or  greater  cannot  be  satisfied  by 
current  designs.  NO  emissions  are  difficult  to  control  during  high 
power  operation  when  the  near  stoichiometric  flame  conditions  in  the 
combustor  produce  copious  quantities  of  nitrogen  oxides  from  the 
oxidation  of  atmospheric  nitrogen.  CO  and  UHC  emissions  are  low 
because  of  the  high  combustion  efficiency  obtained  during  the  high  power 
condition.  During  engine  idle  conditions,  the  production  of  nitrogen 
oxides  is  generally  no  problem,  but  because  of  lowered  combustion  effi- 
ciencies, the  CO  and  UHC  emissions  become  unacceptable. 

Of  the  numerous  combustion  schemes  proposed  during  the  past  few 
years,  one  of  the  most  promising  techniques  demonstrated  to  be  effective 
in  reducing  N0x,  CO  and  UHC  emissions  is  catalytic  combustion.  The  Air 
Force  recently  showed  that  very  high  combustion  efficiencies,  in  the  order 
of  99. 5%  without  the  concomitant  production  of  nitrogen  oxides,  were 
feasible  under  high  power  conditions.  It  should  be  pointed  out  that  methods 
which  may  not  be  applicable  to  actual  aircraft  combustors  were  used  to  mix 
the  air  and  fuel,  and  bring  the  catalyst  to  operating  temperature.  Special 
equipment  would  be  needed  in  an  aircraft  engine  to  bring  the  catalyst  to 
operating  temperature  prior  to  engine  start-up.  Also,  the  successful  utili- 
zation of  catalytic  combustion  techniques  under  low  power  or  Idle  conditions 
has  not  been  demonstrated. 

In  order  to  overcome  the  apparent  difficulties  with  the  "all 
catalytic"  combustion  of  premixed  fuel  and  air  and  not  significantly  increase 
the  emissions  of  pollutants,  a new  technique  was  tested  in  which  less  than 
75Z  stoichiometric  air  is  used  to  oxidize  the  fuel  in  a conventional  pre- 
burner and  the  rest  of  the  air  is  rapidly  mixed  in  after  combustion  to 
quench  the  reaction  and  reduce  the  gas  temperature  to  a level  that  can  be 
tolerated  in  the  gas  turbine.  This  technique  has  the  theoretical  potential 
of  oxidizing  the  unburned  hydrocarbons  and  CO  in  the  post-combustion  zone 
without  adding  significant  quantities  of  N0X.  Since  it  may  be  difficult  to 
control  the  oxidation  of  reducing  species  in  the  quench  zone,  a catalyst 
could  be  used  to  accelerate  the  oxidation  of  these  species.  Thus,  such  a 
technique  may  be  considered  to  operate  in  a hybrid  me Je  i.e.,  homogeneous 
combustion  followed  by  catalytic  combustion.  Hybrid  catalytic  combustion 
thus  provides  a method  of  fulfilling  the  pollution  control  requirements 
without  the  need  of  special  equipment  to  heat  the  catalyst  or  premix 
liquid  fuel  with  hot  air. 

The  feasibility  of  the  hybrid  catalytic  combustion  concept,  as 
applied  to  aircraft  gas  turbine  combustors  operating  over  the  entire 
landing  and  take-off  cycle  air-fuel  ratios,  was  demonstrated  in  this 
laboratory  program.  The  air  temperature  was  maintained  at  400  K in  the 
experimental  work  presented  here  and  is  thus  representative  of  idle  opera- 
tion. An  air  temperature  of  775  K would  have  been  required  to  simulate 
full  power  operation  (takeoff). 
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The  hybrid  catalytic  combustion  technique  tested  in  this  program 
consisted  of  pre-burning  JP-4  in  a conventional  can-type  combustor  under 
rich  conditions,  followed  by  the  injection  of  secondary  air  to  quench  the 
chemical  reactions  and  lover  the  temperature.  The  unbumed  CO  and  UHC 
were  then  completely  oxidized  over  a monolithic  catalyst  located  at  the 
exit  of  the  combustor. 

Of  the  more  than  35  different  catalysts  obtained  from  manufacturers 
that  were  evaluated,  the  noble  metals  supported  on  honeycomb  structures  were  / 
found  to  be  the  most  active  for  converting  CO  and  UHC.  Conversions  in  the  jU.'" 
range  of  90-95  percent  were  achieved  at  catalyst  temperature  of  1200  K,  * ' 
overall  equivalence  ratios  of  0.3  and  air  preheat  temperatures  of  400  K.  Base 
metal  oxides  and  rare  earth  oxides  on  cordlerite  supports  were  much  less  active 
than  the  noble  metals  on  the  same  supported  geometry. 

The  moat  satisfactory  catalyst  evaluated  consisted  of  a corrugated 
and  rolled  metal  support,  washcoated  with  stabilized  AI2O3,  and  impregnated 
with  5.3  kg/m3  platinum.  This  catalyst  achieved  combustion  efficiencies  of  99.8 
percent  over  the  temperature  range  of  1000-1200  K.  The  reference  velocity 
at  the  catalyst  inlet  was  25  m/s.  During  a 20-hour  test  at  1200  K,  the  metal 
supported  catalyst  did  not  show  any  indications  of  activity  loss  for  CO  or 
UHC  conversions.  Under  the  same  circumstances,  a cordlerite  supported 
palladium  catalyst  lost  a substantial  amount  of  its  Initial  activity  after  10 
hours  of  operation. 

As  a result  of  this  research,  it  appears  that  an  efficient,  low 
emissions  hybrid  catalytic  combustor  can  be  developed  to  operate  over  the 
entire  range  of  gas  turbine  power  settings  from  idle  to  full  power.  It 
should  be  noted  that  the  hybrid  catalytic  combustor  approach  is  not  limited 
to  idle  operation,  but  can  Indeed  operate  effectively  at  full  power,  as 
demonstrated  by  operating  the  Combustor  at  i ■ 0.3.  No  attempt  was  made  to 
determine  how  an  engine  using  a hybrid  catalytic  combustor  system  would 
operate  over  the  LT0  cycle.  The  feasibility  of  using  the  hybrid  catalytic 
combustor  for  idle  operation  followed  by  an  all  catalytic  high  power  mode  is 
currently  being  considered  by  the  Air  Force.  It  must  be  emphasized  that 
actual  engine  tests  must  be  conducted  to  fully  assess  the  feasibility  of  the 
hybrid  catalytic  combustor  concept. 

Based  upon  the  results  of  the  catalyst  screening  program,  two  com- 
plete hybrid  catalytic  combustors  capable  of  300  g/s  air  flow  were  designed 
and  fabricated  for  delivery  to  the  Air  Force  for  testing.  It  is  estimated 
that  these  slightly  scaled-up  versions  of  our  laboratory  test  combustor  will 
achieve  a minimum  combustion  efficiency  of  99. 5X  at  idle,  and  NO*,  CO,  and 
UHC  emissions  that  will  probably  meet  the  1S81  EPA  aircraft  emission  standards. 

Although  the  results  presented  here  support  the  technical 
feasibility  of  catalytic  combustion  for  aircraft  turbine  engines,  there 
remain  many  practical  problems  which  must  be  considered.  The  most  significant 
1 roblema  involve  the  physical  durability  of  the  catalyst  and  the  transient 
espouse  in  flight.  Clearly,  a catalyst  that  could  fracture  or  spahl  in 
flight  could  damage  the  turbine  and  endanger  those  on-board.  Other 
considerations  associated  with  engine  response  and  operability  in  flight 
sust  he  carefully  analyzed. 


SECTION  II 


INTRODUCTION 


Current  aircraft  engine  design/  are  not  expected  to  meet  the  EPA 
emissions  specifications  for  subsonic  turbofan  or  turbojet  aircraft  engines 
manufactured  on  or  after  January  1,  1981  of  35.6  kN  thrust  or  greater  (JL ) . 
These  designs  produce  excessive  concentrations  of  CO  (carbon  monoxide)  and 
UHC  (unbumed  hydrocarbons)  during  the  idle  mode,  and  N0X  (nitrogen  oxides) 
and  possibly  smoke  during  the  high  power  mode  (2).  Poor  combustion  effi- 
ciency under  idle  conditions  due  to  poor  air-fuel  mixing  is  the  source  of 
CO  and  UHC,  while  very  high  flame  temperatures  generated  near  stoichiometric 
combustion  during  the  high-power  mode  give  rise  to  high  concentrations  of 
thermally  produced  N0X  and  smoke.  In  all  existing  gas  turbine  combustors,  a 
portion  of  the  air  supply  is  utilized  in  the  primary  combustion  zone  with  a 
near-stoichiometric  quantity  of  fuel.  Successive  addition  of  combustion  air 
in  the  secondary  and  quench  zones  of  the  combustor  reduces  the  gas  temperature 
to  acceptable  turbine  inlet  values.  The  turbine  firing  temperature  limitation 
is  dictated  by  structural  considerations.  The  equivalence  ratio  (^)^  of  the 
turbine  inlet  mixture  is  in  the  range  of  0.25-0.35  in  the  high  power  mode.  In 
the  idle  mode,  the  4 at  the  turbine  inlet  mixture  is  approximately  0.15. 

Most  proposed  solutions  for  the  reduction  of  gas  turbine  emissions 
of  pollutants  retain  the  basic  gas  turbine  multi-combustion  zone  concepts, 
but  alter  the  methods  in  which  the  fuel  and  air,  or  both,  are  introduced  into 
the  primary  combustion  zone.  More  efficient  fuel  atomization  and  primary 
zone  mixing  have  been  shown  to  effectively  reduce  CO  and  UHC  emissions  under 
idle  conditions,  but  have  not  substantially  affected  the  NQX  problem  at 
high-power  conditions.  The  most  promising  combustor  modifications  for  high- 
power  operation  consist  of  pre-vaporizing  and  premixing  the  fuel  so  that 
stable  and  efficient  fuel-lean  combustion  occurs  at  somewhat  lower  adiabatic 
flame  temperatures,  thus  producing  lower  concentrations  of  thermal  N0X> 
Problems  that  must  be  solved  before  the  pre-vaporization  and  premixing 
technique  can  be  Introduced  into  production  engines  Include: 

1.  The  premature  autoignition  of  the  mixture  during  the  high- 
power  mode  where  air  compressor  discharge  temperatures  and 
pressures  may  be  900  K and  3.0  MPa,  respectively. 

2.  The  thermal  decomposition  of  the  fuel  in  the  vaporization 
system  may  lead  to  the  formation  of  carbonaceous  deposits 
on  the  walls  which  would  alter  the  heat  tr*msfer  properties 
of  the  metal,  and  possibly  cause  thermal  failure  of  the 
vaporizer. 

3.  The  satisfactory  operation  of  the  vaporizer  may  be  inter- 
rupted by  flashback  where  high  flame  temperatures  could 
damage  the  vaporizer-mixing  section  of  the  combustor. 


See  Nomenclature  pg.  x for  definition. 
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In  order  to  explore  the  feasibility  of  catalytic  combustion  in 
aircraft  gas  turbine  combustors,  the  Air  Force  Initiated  a program  at  the 
AFAPL  (Air  Force  Aero  Propulsion  Laboratory).  It.  determined  the  combuotion 
efficiency  to  be  in  excess  of  99,51  and  the  production  of  N0X  to  be  well  below 
that  required  to  meet  the  1981  EPA  specifications  for  new  aircraft  under 
test  conditions  which  simulated  high-power  operation  (3).  Similar  data  were 
obtained  by  others  working  with  gaseous  fuels  (4).  These  initial  studies 
did  not  investigate  catalytic  combustion  under  simulated  idle  operation. 

The  lack  of  data  for  idle  conditions  prompted  the  Air  Force  to  award  Exxon 
Research  and  Engineering  Company  a research  program  to  obtain  the  experimental 
data  necessary  to  evaluate  catalytic  combustion  at  gas  turbine  idle  conditions. 
The  general  criteria  for  developing  an  acceptable  combustor  were: 

1.  The  total  pressure  drop  through  the  combustor  should  not 
exceed  62  of  the  operating  pressure  of  0.3  MPa  at  a 
reference  velocity  of  about  25  m/s. 

2.  The  minimum  combustion  efficiency  at  gas  turbine  idle 
should  be  99.52. 

3.  The  CO,  UKC  and  NO  emissions  should  be  within  the  EPA 
emission  specifications  for  subsonic  turbofan  or  turbo- 
jet aircraft  engines  manufactured  on  or  after  January  1, 

1981  of  35.6  kN  thrust  or  greater  (1). 

4.  The  heat  release  rate  of  the  combustor  should  be  on  the 
order  of  1 kJ/Pa*a*m3. 

5.  The  total  volume  of  the  catalytic  combustor  and  associated 
pramlxlng,  pre- vaporization  or  pre-combustion  components 
should  not  exceed  the  volume  of  a conventional  aircraft 
turbine  engine  having  a comparable  heat  release  rate. 

The  program  was  divided  into  three  phases.  Phase  I consisted  of  a 
thorough  review  of  the  literature  concerning  catalytic  oxidation  of  hydro- 
carbons and  an  assessment  of  the  state-of-the-art  in  catalyst  preparation  on 
monolithic  ceramic,  refractory  material,  or  metallic  supports  capable  of  high 
temperature  operation. 

The  second  phase  was  concerned  with  the  experimental  determination 
of  the  effectiveness  of  corner dally  available  catalysts  in  promoting  JP-4 
ignition  with  400  K preheated  air  to  simulate  idle  operation  in  the  absence 
of  any  pre-combustion  scheme.  If,  as  was  expected,  no  catalysts  were 
found  that  had  sufficient  activity  at  400  K to  initiate  the  combustion 
reactions,  then  the  remainder  of  the  second  phase  would  be  concerned  with 
the  design  and  characterization  of  a pre-burner  which,  when  coupled  to  a 
fixed  ca'  iyst  bed,  would  make  up  the  HCC  (hybrid  catalytic  combustor). 

After  the  operating  characteristics  of  the  combustors  were  determined,  a 
three-part  catalyst  screening  program  started.  Part  One  ranked  catalyst 
activity  as  a function  of  temperature  and  surface/volume  ratio  of  seven 
different  Pt/Pd  catalysts  deposited  on  a single  substrate  composition  of 
varying  geometry.  Part  Two  evaluated  various  substrates  and  high  surface 
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area  vaah  coat  Materials  on  which  noble  Metals,  base  metals,  rare  earths, 
etc.,  had  been  deposited.  The  most  promising  catalysts  were  studied  in 
greater  detail  in  Fart  Three  In  order  to  choose  the  catalysts  most  applicable 
In  the  hybrid  mode  of  operation.  The  total  number  of  experimental  test  hours 
exceeded  100,  and  the  number  of  catalyst-substrate  combinations  tested  was  In 
excess  of  35.  The  two  beat  catalysts  were  subjected  to  a 20-hour  durability 
test  at  1200  K to  determine  the  extent  of  catalyst  deactivation  under  high 
velocity  and  high  temperature  operation. 

The  third  phase  of  the  program  was  directed  at  the  design  and 
fabrication  of  a set  cl  7.6  cm  diameter  catalytic  hybrid  combustors 
containing  the  best  catalysts  found  in  Phase  Two  for  delivery  to  AFAPL. 
Extensive  testing  of  ths  catalytic  hybrid  combustors  under  simulated  Idle 
and  high-power  conditions  are  planned  by  AFAPL. 


SECTION  III 


EXPERIMENTAL  FACILITIES  AND  PROCEDURES 


The  experimental  equipment  used  in  this  study  included  e 
specially  designed  combustor,  fuel  Injection  system,  air  supply  system, 
sampling  and  analytical  system,  and  temperature  and  pressure  instrumen- 
tation. Information  on  the  design  and  calibration  of  this  equipment 
is  provided  in  this  section. 

1.  HYBRID  CATALYTIC  COMBUSTOR 

A schematic  diagrsm  of  the  hybrid  catalytic  combustor  is  shown 
in  Figure  1,  and  a photograph  of  the  experimental  arrangement  Is  shown  in 
Figure  2.  The  combustor  consisted  of  a conventional  cannular  pre-combustor 
followed  by  a catalytic  combustion  chamber.  The  components  which  made  up 
t*ie  pre-combustion  section  consisted  of  a primary  combustion  air  swlrler, 
secondary  air  swlrler,  pressure  atomizing  fuel  nozzle,  ignition  electrode, 
and  primary,  secondary  and  quench  air  injection  orifices.  The  pre-burner 
components  were  constructed  out  of  type  304  stainless  steel,  except  for 
the  combustor  can  which  was  fabricated  from  0.033  cm  Hastelloy-X  sheet. 

The  can  was  rolled  into  a cylinder  5.08  cm  in  diameter  by  11. > long. 

The  catalytic  combustor  chamber  which  was  fabricated  from  type 
304  stainless  steel,  was  bolted  onto  the  pre-burner  section  so  that  it 
could  be  easily  and  quickly  disassembled  without  disturbing  the  pre- 
combustion  section  of  the  combustor.  The  catalyst  candidates  were 
contained  in  a Hastelloy-X  thin  wall  cartridge  (0.033  cm  thick  x 
21.6  cm  long  x 5.08  cm  diameter)  which  was  inserted  into  the  heavy  wall 
catalyst  combustion  chamber.  Channel lag  of  the  hot  gas  flow  in  the 
catalyst  combustion  chamber  was  prevented  by  metal  to  metal  pressure 
seals  located  at  both  ends  of  the  thin  wall  catalyst  cartridge,  in 
annular  space  between  the  Hastelloy-X  cartridge  and  the  heavy  pressure- 
bearing  wall  of  the  catalyst  combustion  clumber,  reduced  the  conductive 
heat  losses  in  this  section  of  the  hybrid  combustor. 

The  combustor  pressure  was  controlled  by  the  combination  of  a 
3.8  cm  diameter,  type  310  stainless  steel,  square  edge  orifice  located 
at  the  discharge  end  of  the  catalyst  combustion  chamber,  and  a remotely 
operated,  eccentric  plug  valve  located  at  the  discharge  end  of  a multi- 
tube countercurrent  heat  exchanger  which  cooled  the  hot  combustion  gases 
to  530  K.  The  HCC  exhaust  temperatures  were  typically  in  the  range  of 
800-1300  K. 

2.  FLOW  CHARACTERISTICS  OF  THE  PRE-COMBUSTOR 

Figure  1 shows  that  the  combustion  air  supply  to  the  HCC  was 
split  into  three  different  paths.  The  total  air  flow  rate  through  the 
coa£ustor  was  maintained  at  133  g/s.  Of  this  total  flow  rate,  27  g/s 
went  to  the  primary  zone  (location  8),  66  g/s  were  used  in  the  secondary 
zone  (location  9),  and  the  remaining  40  g/s  (location  1)  were  used  in 
the  final  quench.  The  reference  velocity  at  the  catalyst  chamber  inlet 
was  25.8  m/s  (400  K and  379  kPa). 
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The  percent  of  the  total  air-flow  area  in  each  of  the  three  flow 
streams  which  determined  the  air  flow  rates  were: 


Primal 


X Distribution  of  Air 
Flow  Area  (21.9  cm2) 


25  holes,  0.254  cm  diameter 
0.0762  cm  annular  gap  around 
fuel  injector 


Secondary  Air 

0.635  cm  annular  gap  around 
can 

26  quench  holes,  0.635  cm  diameter 
Total 


38.0 

100.0 


The  secondary  air  distribution  holes  in  the  5.08  cm  diameter 
Hastelloy-X  can  attached  to  the  primary  air  injector  consisted  of  four 
rows  of  different  diameter  holes  located  at  various  axial  distances  from 
the  primary  air  injector.  The  hole  sizes,  axial  locations  measured  in 
L/D  (length  to  diameter)  and  their  relative  areas  were: 


No.  of 

Holes  Hole  Diameter  (cm) 

Z Total  Hole 
Area  of  Can 

0.168 

12 

0.553 

13.8 

0.484 

12 

0.635 

18.2 

0.754 

10 

0.952 

34.0 

0.846 

10 

0.952 

34.0 

Total 

100.0 

The  gas  velocities  in  each  of  the  three  air  flow  paths  were 
calculated  from  the  air  flow  ratea  at  operating  conditions  (P  ■ 379  kPa, 
T ■ 400  1C) 


LOCATION  IN  COMBUSTOR 
Primary  My  Zones 


VELOCITY 


0.076  cm  annular  gap  around 
fuel  nozzle  air  shroud 
0.254  cm  diameter  primary 
injector  hole 


Secondary  Air  Zones 

0.635  cm  annular  gap  around 
primary  combustion  cm 
0.635  as  diameter  quench  air  hole 


22.5 

17.0 


Reference  Velocity  tit  Catalyst 
Chamber  Inlet 


5.08  cm  diameter  catalyst 


I 


3.  FUEL  INJECTION  SYSTEM 

JP-4  was  injected  at  ambient  temperature  into  turn  pre-combustor 
through  a 3. 15  cw?/a  pressure  atomizing  swirl  nozzle  that  had  a 1.4  rad  (80  degree) 
solid  spray  angle.  The  flow  of  a fraction  of  the  primary  air  at'mmd  the 
air  shroud  control  disc  provided  a suitable  fuel-air  mixture  in  the  area 
of  the  ignition  electrode  that  was  conducive  to  good  ignition  d arac eerie tics. 

The  flow  of  air  around  the  fuel  injector  tip  also  provided  nozzle  cooling- 
The  electrical  breakdown  of  the  gap  between  the  fuel  nozzle  and  the  ignition 
electrode  tip  by  a 10  kY  alternating  current  transformer  initiated  the  mw 
bust ion  of  the  fuel  in  the  pre-coabustor.  A 1.4  rad  (80  degree)  spray  nozzle 
was  chosen  so  that  the  spray  fan  vould  not  impinge  upon  tbe  central  orifice 
walls  of  the  primary  air  Injector. 

Efficient  mixing  and  flame  stabilization  of  the  fuel-air  mixture 
was  assured  by  the  high  velocity  swirling  motion  imparted  to  the  air  flow 
by  virtue  of  the  0.7  red  (40  degree)  angle  (with  rarpect  to  the  longitudinal  nxU ) 
at  which  the  holes  were  drilled  into  the  face  of  the  all*  Injector. 

The  fuel  was  pumped  from  a shipping  container  Into  two  0.019  m3 
pyrex  containers.  The  volusms  of  the  glass  containers  were  cali- 
brated and  divided  into  500  cm^  graduations  on  the  outside  of  containers. 

A suction-pressure  gear  pump  was  used  to  withdraw  the  fuel  from  the 
containers  and  expel  it  through  the  pressure  atomizing  nozzle.  Approximately 
90Z  of  the  fuel  was  recirculated  to  the  glass  containers.  The  pump  pressure 
could  be  varied  to  3.1  MPa* but  for  the  purposes  of  this  study  the  pressure 
was  maintained  at  1.3  MPa.  A rotameter  in  >;he  stainless  steel  fuel  system 
located  between  the  gear  pmp  and  the  pressure  eternizing  nozzle  was  utilized 
to  monitor  the  fuel  flow  rate.  Appropriate  metering  vulvas  were  located 
upstream  and  downstream  of  the  rotameter  to  provide  constant  pressure  and 
fuel  flow.  A 20-micron  sintered  bronze  filter  was  located  in  tha  fuel  line. 

The  &P  across  the  atomizing  fuel  nozzle  was  alwayu  maintained  at  1.1  MPa  to 
assure  critical  flow  condition's  Wk'ich  prevented  any  fluctuations  in  the  fuel 
flow  due  to  combustion  chamber  pressure  fluctuations. 

Tha  fuel  rotameter  and  pressure  atomizing  nozzJe  ;tx-  calibrated 
by  weighing  the  amount  of  fuel  collected  ovor  a specified  ps.-Sn.  of  tiavs  at 
each  rotameter  setting.  Periodically,  the  calibration  of  tbs  la-  1 *yst«a 
was  checked  by  observing  the  volume  of  fuel  displaced  from  the  gas 
reservoirs  during  a test  firing  for  « given  fuel  rotameter  getting  aui 
time  interval. 

4.  AIR  SUPPLY  SYSTIM 

A schematic  diagram  of  tha  rate  of  air  input  to  the  combustor 
is  given  In  Figure  3.  Compressed  air  wus  supplied  At  a 70.8  d»Va 
with  a 1.034  MPa  air  compret  \or  which  was  equipped  with  o»£l , water  and 
particulate  filters. 
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The  main  sir  supply  was  divided  into  primary  and  secondary 
air  systems.  Each  air  system  had  l~a  own  pressure  regulator,  preheater 
and  rotameter.  The  flow  of  air  through  each  system  was  controlled  by 
globe  valves  located  in  the  air  line  at  either  end  of  the  rotameters. 
Bourdon-tube  pressure  gauges  and  iron-cons tan tan  thermocouples  were 
located  in  the  air  system  lines  downstream  of  the  rotameters.  A 30  kW 
electrical  heater  was  used  to  preheat  the  secondary  air  to  a maximum  of 
560  K,and  a high  pressure  steam  heat  exchanger  was  used  to  preheat  the 
primary  air  to  a maximum  of  420  K.  The  rotameters  used  to  measure  the  air 
flow  rate  were  calibrated  with  wet  and  dry  test  meters,  depending  upon  the 
magnitude  of  the  air  flow  rates.  The  calibrations  were  periodically 
checked  to  assure  the  accuracy  of  the  rotameters.  The  temperature  and 
pressure  of  the  air  in  the  metering  system  were  continuously  recorded  and 
utilized  in  the  calculation  of  the  total  air  flow  rates.  The  pressure  of 
the  primary  end  secondary  air  rotameters  was  maintained  at  450  kPa,  while 
the  combustion  chamber  pressure  was  379  kPa. 

5.  TEMPERATURE  MEASUREMENTS 

The  determination  of  the  axial  and  radial  temperature  profiles, 
and  chemical  concentrations  throughout  the  hybrid  combustor  was  accomplished 
with  a specifically  designed  analytical  gas  sampling  train  and  multi-probe 
thermocouple  and  gas  sample  rakes.  The  equipment  and  procedures  utilized  in 
the  course  of  the  study  for  temperature  measurement  are  described  below. 

The  ges  temperatures  in  the  pre-combustion  and  catalytic  sections 
of  the  hybrid  combustor  were  taken  at  various  locations  Identified  in 
Figure  1.  Chromal-alumel  dual-junction  thermocouples  with  either  0.317  cm 
or  0.157  cm  diameter  stainless  steel  sheaths  were  located  at  positions  A, 

B and  C in  the  pre-burner  section.  Temperatures  within  the  catalyst 
(locations  G-M)  were  determined  with  0.063  cm  diameter  Inconel  r-heathed 
chronel-alumel  thermocouples  located  et  2.54  cm  Intervals  ’long  the  length 
of  the  20.32  cm  long  catalyst  section.  The  tips  of  all  the  thermocouples 
in  the  pr*-co«buatien  stage  and  the  catalyst  stage  ware  positioned  on  the 
centerline  of  the  hybrid  combustor. 

Hh.ea  radial  gas  temperature  distributions  were  obtained  in  the 
pre-combustion  section,  the  single  thermocouple  located  at  position  C was 
removed  and  rsp laced  with  four  0,157  cm  diameter  thermocouples  which  were 
mounted  in  e 0.635  cm  diameter  stainless  steel  tube.  The  0.635  cm  tube 
provided  a pressure  seal  at  the  outside  wall  of  the  pre-combustor.  The 
tips  of  the  four  parallel  thermocouples  were  separated  from  each  other  by 
1.27  cm.  The  tips  of  the  longest  thermocouple  and  shortest  thermocouple 
were  0.635  cm  freas  the  inside  walls  of  the  pre-combustion  chamber.  The 
four  ges  temperatures  measured  simultaneously  by  the  thermocouples  were 
recorded  on  a multi-point  strip  chart  recorder. 


4 
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6.  GAS  SAMPLE  MEASUREMENTS 


The  gas  sample  and  temperature  probes  utilized  in  the  catalyst 
section  of  the  hybrid  combustor  were  designed  so  that  simultaneous 
determinations  of  gas  temperature  and  composition  could  be  obtained  with 
a minimum  of  interference  to  the  gas  flow  within  the  cellular  catalysts. 

A schematic  drawing  of  the  probe  is  shown  in  Figure  4.  A 0.063  cm 
diameter  thermocouple  was  concentrically  located  within  the  0.157  cm 
internal  diameter  inconel  tu";  o with  the  tip  of  the  thermocouple  just 
slightly  below  the  end  of  the  Inconel  tube.  This  configuration  provided 
protection  for  the  fragile  thermocouple,  and  simultaneously  allowed  the 
gas  sample  to  be  taken  through  the  annular  gap  between  the  thermocouple 
and  the  inconel  tube.  The  tips  of  the  inconel  tubes  were  located  on  the 
centerline  of  the  catalyst  and  were  spaced  at  2.54  cm  intervals  along  the 
longitudinal  axis.  Seven  0.203  cm  diameter  holes  were  carefully  drilled 
into  the  catalyst  substrate  after  the  catalysts  were  Installed  within  the 
Hastelloy^X  catalyst  container.  Mating  holes  in  the  Hastelloy-X  catalyst 
container  and  the  catalyst  chamber  wall  allowed  the  gas  sampling  probes 
to  be  Inserted  into  the  catalyst  combustion  chamber  in  locations  G through 
M as  shown  In  Figure  1.  The  insertion  of  the  probes  into  the  catalysts  in 
this  manner  assured  that  the  measured  temperature  was  the  gas  stream  temp- 
erature and  not  the  surface  temperature  of  the  substrate  material.  The 
walls  of  the  gas  sample  tube  shielded  the  thermocouple  from  the  radiation 
emitted  from  the  solids,  thereby  eliminating  the  need  for  a radiation 
correction  on  the  measured  temperatures.  The  gas  sample  obtained 
by  each  probe  was,  because  of  the  parallel  wall  nature  of  cellular  catalyst 
substrate  materials,  representative  of  the  particular  cell  from  which  the 
sample  was  obtained. 

Radial  profiles  of  combustion  product  concentrations  were  obtained 
at  the  inlet  and  outlet  of  the  catalyst  combustion  chamber  with  gas  sample 
rakes,  each  of  which  had  four  separate  probes.  The  4 parallel  probes  on 
each  rake  were  0.152  cm  outside  diameter  thin-wall  stainless  stee#  tubes. 

The  four  tubes  were  soldered  together  into  a 0.635  cm  diameter  thln-vall 
tube  In  a manner  so  that  the  pressure  seal  at  the  wall  of  the  combustor 
could  be  made  around  the  0.635  cm  tube.  As  in  the  design  of  the  multi- 
thermocouple rake  discussed  previously,  the  tips  of  the  gas  sample  tubes 
were  staggered  ao  that  the  four  parallel  probe  tips  were  evenly  distributed 
across  the  diameter  of  the  combustion  chamber  at  the  inlet  end  and  the 
discharge  end  of  the  catalyst. 

The  gas  samples  from  each  of  the  four  probes  in  a rake  could  be 
examined  separately,  or  as  was  the  case  in  determining  combustion  effi- 
ciencies of  the  catalysts,  combined  In  a manifold  located  in  the  gas  sample 
train  so  that  a.,  average  concentration  would  be  obtained.  The  radial  concen 
tratlon  distribution  of  combustion  products  was  determ* led  by  analyzing  the 
gas  sample  from  each  of  the  four  probes  during  a test  where  the  combustion 
conditions  were  maintained  at  fixed  air  and  fuel  flow  rates. 
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7. 


CAS  ANALYSIS  INSTRUMENTATION 


A photograph  of  the  gas  analysis  system  utilized  in  this  program 
is  shown  in  Figure  5.  A schematic  piping  diagram  showing  the  location  of 
sample  probes,  valves,  instruments  and  the  calibration  gas  system  is  shown 
In  Figure  6.  Adequate  quenching  of  CO  oxidation  was  assumed,  based  on 
Shaw's  results  in  essentially  the  same  equipment,  which  showed  no  change  in 
CO  concentration  as  a function  of  probe  materials  of  construction  (stainless 
steel  or  quartz)  and  filter  elements  (stainless  steel  or  glass)  (JS) . The 
sampling  and  analytical  system  for  measuring  exhaust  emissions  was  designed 
to  generally  conform  to  the  EPA  requirements  for  determining  compliance  with 
the  aircraft  emission  standards  (1) , with  the  exception  that  a water  removal 
device,  i.e,,  a condenser,  was  used  prior  to  the  N0X  analyzer. 

Nine  electrically  heated  stainless  steel  sample  lines  were  used 
to  direct  the  flow  of  gas  from  the  cample  probes  in  the  hybrid  combustor 
to  a heated  manifold  located  near  the  instrument  train.  Each  sample  line 
contained  a high  temperature  bellows  shut-off  valve  which  was  used  to 
select  the  sample  line  or  lines  which  would  be  diverted  to  the  gas  analyzer 
train.  A single  stainless  steel  heated  tube  connected  the  9 valve  manifold 
to  the  instrument  train.  The  gas  sample  lines  were  bundled  together  and 
covered  with  electrical  tape  heaters.  Iron-conatantan  thermocouples  imbedded 
into  the  heated  bundle  were  used  to  monitor  the  line  temperature.  An 
automatic  temperature  controller  was  utilized  to  maintain  the  bundle  of  gas 
sample  lines  at  420  K.  The  pressure  of  the  gas  sample  up  to  the  instrument 
train  input  corresponded  to  the  pressure  of  the  combustion  chamber.  The  gas 
sample  pressure  was  reduced  to  110  VPa  by  a pressure  regulator  located  just 
upstream  of  a dry  ice-acetone  bath  which  was  used  to  freeze  out  the  water  in 
the  gas  sample.  The  hydrocarbon  sample  line  bypassed  the  water  knock-out 
and  was  fed  directly  to  the  Beckman  model  #402  high  temperature  FID  hydro- 
carbon analyzer  whioh  was  maintained  at  474  K.  The  CO,  C02,  N0X  and  02 
instruments  were  connected  in  parallel  to  the  gas  sample  ? ine.  A sample 
flow  of  17  em^/m  was  maintained  through  each  inatrumen  during  the  measurements. 

Table  1 summarizes  the  key  gas  analysis  parameters  associated  with 
the  instruments  used  In  this  study. 

TABLE  I 


INSTRUMENTS  USED  FOR  GAS  ANALYSIS 

• Carbon  monoxide.  Beckman  model  315 A OTOIR)  with  0-5000  ppwv 
and  0-2500  ppmv  range.  Maximum  sensitivity  was  12  ppmv. 
Calibrated  with  2000  ppm  CO  in  N2> 

• Carbon  dioxide.  Beckman  model  864  (NDIR)  with  0-25 

and  0-5%  range  selectors.  Maximum  sensitivity  was  .05%. 
Calibrated  with  7%  CO2  in  N2> 

a Hydrocarbons.  Beckman  model  402  (FID)  with  0-0.2%  range 
with  a 10  position  range  selector  switch.  Maximum 
sensitivity  was  1 ppmv. 

Calibrated  with  500  ppm  CH4  in  N2. 
a Oxygen.  Beckman  model  742  with  0-25%  range  with  a 3 position 
range  selector  switch  for  0-1%,  0-5%  and  0-25%  ranges. 

Maximum  sensitivity  was  0.01%. 

Calibrated  with  10%  02  in  N2  or  ambient  air. 
e Oxidea  of  Nitrogen.  Thermo  Electron  Corp.  model  10A 

Chemiluminescent  Analyzer  with  10,000  >pmv  range  with  an  8 
position  range  switch.  Maximum  sensitivity  was  0.25  ppmv. 
Calibrated  with  100  ppm  NO  in  N2. 
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The  instruments  in  the  gas  analysis  system  were  calibrated  with 
certified  standard  gas  mixtures  in  nitrogen.  The  calibration  gases  were 
supplied  by  the  Scientific  Gas  Co.  of  S.  Plainfield,  New  Jersey.  Dry 
nitrogen  supplied  from  a cryosphere  was  used  as  the  zero  gas  for  all  the 
instruments.  When  the  instrument  train  was  idle,  a constant  nitrogen 
purge  was  maintained.  The  Instruments  were  calibrated  before  a run  and 
checked  at  the  conclusion  of  the  run.  The  cylinders  of  hydrogen  and  air 
used  to  operate  the  hydrocarbon  FID  analyzer  were  certified  to  contain 
less  than  1 ppmv  hydrocarbons. 

The  effect  of  the  dry  ice-acetone  bath  temperature  on  CO2 
concentration  in  the  gas  sample  was  checked  and  found  to  be  unimportant 
by  passing  a calibration  gas  containing  72  CC>2  in  nitrogen  through  the 
cold  trap  and  observing  any  loss  in  CO2  concentration.  The  referenced 
temperature  of  the  bath  was  196  K and  the  sublimation  point  of  CO2  Is 
194.5  K ( 6) . The  magnitude  of  the  potential  reaction  of  nitrogen  oxides 
with  reducing  species  in  the  sample  gases  catalyzed  by  the  heated  stain- 
less steel  walls  of  the  gas  sample  lines  was  assessed.  Known  NO  and  N0X 
concentrations  in  combustion  gas  samples  containing  CO  were  passed 
through  heated  teflon  or  stainless  steel  lines.  No  difference  in  either 
NO  or  N0X  concentrations  were  found  as  a result  of  contact  with  the 
stainless  steel  or  teflon  lines.  Similarly,  no  CO  loss  was  detected  as 
a result  of  oxidation  by  contact  with  the  transfer  lines  of  the  analytical 
train.  These  experiments  also  demonstrated  that  no  significant  loss  of 
NO2  in  the  condensed  water  occurred. 

Because  of  the  possible  production  of  HCN  and  NH3  in  the  fuel- 
rich  pre-combustion  zone  of  the  hybrid  combustor,  a wet-chemical  sampling 
technique  was  utilized  to  obtain  sow*  representative  gas  samples  at  the 
inlet  and  outlet  of  the  catalyst  combustor  section  of  the  hybrid  comoustor. 
This  sampling  technique  consisted  of  bubbling  the  sample  gas  for  a known 
time  period  at  constant  flow,  through  aqueous  solutions  of  NaOH  for  HCN 
determinations,  and  H2SO4  for  NK3  determinations.  The  nitrogen  content 
of  the  8 staples  was  then  determined  by  a specific  ion-electrode  technique, 
which  has  a sensitivity  of  about  1 ppmv  for  both  nltrogeneous  compounds  (7.) . 
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SECTION  IV 


RESULTS 


This  section  of  the  report  describes  the  operation  of  the  combustor 
rig  in  two  different  catalytic  modes  under  conditions  which  simulate  air- 
craft gas  turbine  idle.  First,  the  combustor  was  tested  in  the  all-catalytic 
mode.  In  this  mode,  the  pre-combustor  was  inoperative,  and  all  of  the 
combustion  reactions  were  carried  out  in  the  catalytic  section  of  the 
combustor.  The  fuel  was  partially  vaporized  and  premlxed  at  400  K and 
379  kPa  in  the  pre-combustor  section.  In  the  second  or  hybrid  mode  of 
operation,  the  pre-combustor  was  utilized.  The  hot  gas  products  from  the 
pre-combustor  contained  approximately  300-800  ppm  CO  and  UHC  which  were 
further  oxidized  in  the  catalytic  section  of  the  combustor.  No  temperature 
rise  was  measured  across  the  catalyst  from  the  oxidation  of  CO  and  UHC  because 
their  concentration  was  so  low. 

All  of  the  tests  performed  in  the  all-catalytic  mode  were  unsuccessful 
because  little  oxidation  of  the  fuel  occurred  at  400  K and  25  m/s  reference 
velocity.  This  was  due  to  the  fact  that  the  fuel  to  air  ratio  and  the  inl»t 
temperature  were  too  low  at  simulated  idle  to  achieve  Ignition  (light-off). 

For  this  reason  the  majority  of  test  results  reported  involve  operation  of  the 
hybrid  catalytic  combustor  where  most  of  the  fuel  was  oxidized  homogeneously 
and  the  remaining  UHC  and  CO  were  further  oxidized  in  the  catalyst  chamber. 

1.  OPERATION  IN  THE  ALL-CATALYTIC  MODE 

During  the  past  few  years,  many  investigators  have  shown  that  the 
mini?*!'?  autoignition  temperature  of  hydrocarbon  fuel -air  mixtures  over  a 
high  surface  area  noble  suital  catalyst  (Pt  or  Pt/Pd)  was  in  the  order  of 
525  K in  tha  pressure  range  of  100  to  500  kPa  (8,  9_,  10,  11).  These  investigators 
concluded  that  the  most  critical  test  parameters  were  average  residence  time 
(i.e.,  inverse  of  space  velocity),  fuel  concentration  (equivalence  ratio), 
mixture  temperature  and  catalyst  t supers ture. 

During  attempts  to  achieve  combustion  in  the  all-catalytic  mode, 
the  overall  equivalence  ratio  was  varied  up  to  0.35,  the  reference  velocity 
at  the  catalyst  inlet  was  maintained  at  25  m/s  and  the  combustion  air  was 
preheated  to  400  K.  Under  these  conditions,  s very  small  fraction  of  the 
JP-4  was  bein^  converted,  as  evidenced  by  measured  CO  concentrations  at 
the  catalyst  exit  of  about  20  ppm.  No  temperature  rise  in  the  catalyst 
bed  was  observed.  The  catalyst  was  a combination  of  1.2  kg/m3  of  (1/1) 

Pt/Pd  on  Ganeral  Refractory  Cordlsrita  (0.31  cm  hole  monolith).  From 
these  results,  it  appeared  that  If  the  air  preheat  temperature  was  increased 
or  the  fuel-air  mixture  was  msde  richer,  an  increaae  in  catalyat  bed  temperature 
would  have  resulted  and  more  of  the  fuel  would  have  been  converted.  However, 
because  tha  teat  facility  call  began  to  fill  rapidly  with  a potentially 
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explosive  mixture  of  unreacted  fuel  no  further  attempts  were  made  to 
increase  the  fuel  concentration  within  the  combustor.  The  air  preheat 
temperature  was  not  increased  above  400  K because  the  goal  of  these  tests 
was  to  develop  a catalytic  combustor  to  operate  at  simulated  idle  (see 
Table  II). 


Table  II  summarizes  the  parameters  required  to  simulate  the 
various  aircraft  gas  turbine  operating  modes*  as  well  as  the  equilibrium 
composition  of  the  combustion  products  (12). 


TABLE  II 

AIRCRAFT  OPERATING  PARAMETERS  AND  EQUILIBRIUM  GAS  COMPOSITION 


Idle 

Approach 

Climbout 

Takeoff 

P,  MPa 

0.3 

1.0 

2.0 

2.5 

Air  Inlet  T,  K 

400 

600 

720 

775 

Overall  4 

0.147 

0.264 

0.338 

0.367 

V,  m/s 

24 

30 

33 

34 

Flame  T,  K 

768 

1*228 

1,488 

1,596 

Gas  Composition 

Ar,  2 

0.93 

0.92 

0.92 

0.91 

CO*  ppm 

< 0.05 

< 0.05 

0.12 

0.54 

C02,  2 

2.18 

3.83 

4.83 

5.24 

KK02,  ppm 

< 0.05 

0.03 

0.13 

0.20 

H02*  ppm 

< 0.05 

< 0.05 

0.08 

0.18 

H2.  PR* 

< 0.05 

< 0.05 

0.04 

0.17 

R20*  X 

1.81 

3.39 

4.35 

4.74 

HO,  ppm 

1.20 

223.32 

990.85 

1,580. 

N02,  ppm 

2.46 

8.65 

18.99 

24.08 

N2.  2 

77.17 

76.54 

76.13 

75.94 

N20*  ppm 

< 0.05 

0.04 

0.24 

0.41 

0,  ppm 

< 0.05 

< 0.05 

0.24 

0.99 

OH,  ppm 

< 0.05 

1.26 

19.14 

45.43 

02,  2 

17.91 

15.30 

13.67 

12.99 

2.  COMBUST!  OH  CHARACTERISTICS  OF  TEE  FRE-CGHBUSTOR 

In  this  study*  two  different  pre-combustor  can  designs  were  tented. 
The  first  pre-combustor  can  consisted  of  a 2.5  cm  diameter  Hsstelloy-X* 
closed-end  tube  which  was  perforated  with  symmetrically  located  6.3  cm 
dipmeter  holes.  A 1.4  rad  (80*)  angle  pressure  atomicing  fuel  noxxls  and 
primary  air  svlrler  were  attached  to  the  open  end  of  the  20  cm  long  tube. 
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The  annular  gap  between  the  can  and  the  outer  combustion  chamber  wall  was 
purged  with  low  velocity  secondary  air.  Inadequate  cooling  of  the 
Hastelloy-X  can  by  the  secondary  air  stream  resulted  in  the  destruction 
of  the  pre-combustion  can.  Heavy  carbonaceous  deposits  were  observed  to 
accumulate  at  the  closed  end  of  the  can  which  ultimately  affected  the  heat 
transfer  properties  of  the  metal,  such  that  the  hemispherical  end  of  the 
can  overheated  and  was  badly  deformed.  After  several  attempts  were  made, 
without  success,  to  Improve  the  durability  and  combustion  efficiency  of  the 
pre-combustor  can,  the  design  was  abandoned  and  a 5 cm  diameter  open-ended 
can-type  pre-combustor  was  devised.  The  operating  characteristics  of  the 
pre-combustor  that  was  utilized  throughout  the  program  are  described  below. 

Gas  temperature  and  combustion  species  distributions  at  the 
entrance  to  the  catalyst  chamber  were  determined  for  a set  of  operating 
conditions  which  simulated  idle  (see  Table  II) . Data  were  obtained  with 
an  empty  catalyst  chamber,  with  an  inert  monolith  in  the  chamber  and  with 
an  active  catalyst  in  the  chamber. 

The  data  were  obtained  with  temperature  and  g species  probes 
located  at  the  entrance  to  the  catalyst  chamber,  in  the  catalyst  chamber, 
and  at  the  exit  of  the  catalyst  chamber.  Details  on  the  probe#  used  are 
given  In  Section  III.  Table  III  summarizes  the  flow  and  combustion 
characteristics  of  the  HCC  for  two  different  operating  conditions.  Figure  1 
identifies  the  various  parts  of  the  combustor  referred  to  in  Table  III.  The 
results  reported  in  Table  III  show  the  effect  of  altering  the  ratio  of 
secondary  air  flow  between  the  pre-combustor  annular  gap  (location  9)  and 
the  26  radial  injection  holes  located  near  the  open  end  of  the  can-type 
combustor  (location  10).  In  both  conditions  the  primary  air  flow  rat* 
remained  constant  at  20Z  of  the  total  combustion  air  flow  rate. 

In  condition  1,  65Z  of  the  total  secondary  air  went  through  the 
annular  gap  between  the  pre-coubustor-can  and  the  combustion  chamber  outer 
wall  (location  9).  while  35Z  went  through  the  26  radial  injection  holes 
(location  10).  In  condition  2 the  split  of  secondary  air  going  to  the 
quench  zone  vs.  that  going  through  the  annular  gap  w 40  to  60Z.  It  should 
be  noted  from  the  results  in  Table  III  that  minor  changes  in  the  secondary 
air  split  greatly  aff acted  the  radial  combustion  species  distribution.  This 
effect  was  caused  by  increased  mixing  due  to  the  higher  air  injection  velocity 
through  the  26  hole  quench  zone.  The  total  air  flow  to  the  quench  zone 
increased  from  35  to  40Z  of  the  secondary  flow.  The  gas  temperatures  measured 
across  the  duct  diameter  by  four  thermocouple  probes  (C,  D,  E,  and  F)  were 
approximately  the  same  for  both  conditions.  The  average  CO  concentration 
across  tha  duct  at  tha  entrance  to  the  catalyst  cheater  for  condition  2 was 
about  half  that  for  condition  1.  The  corresponding  change  in  radial  air 
injection  velocity  was  from  17  to  19.5  m/a  In  going  from  condition  1 to 
condition  2. 
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TABLE  XIX 


PLOW  CHARACTERISTICS  IN  THE 
CATALYTIC  COMBUSTOR 


Design  Condition*: 


Coabuetor  Pressure : 

37 S UP* 

Air  Preher*.  leap  ; 

400  1C 

Primary  4>: 

1.5 

Owi rail  *; 

0.3 

Reference  Velocity: 

24.4  «/« 

Actual  Conditions*; 

Location  la 

Ccm&itloo  I Vlinire  1 

Condition 

334 

CD 

CoaSsuator  Pr**eeora  (kPe) 

334 

400 

Pri.  6 Cec.  Air  Proheat  ( K) 

400 

1.5 

(2> 

Primary , 

1.5 

0.3 

(3) 

Overall.  4' 

0.3 

24.4 

w 

Reference  Velocity  (»/») 
1P-4  Plow  ll#te  (g/s) 

24.4 

2. 71 

(5) 

2.71 

26.  & 

<D 

Pr  Unity  Air  Plow  veto  (g/iv) 

26.6 

106. 

CD 

'Secondary  Mu  HoO  vats  (g/e) 

106. 

65.6 

<8} 

Prl.  lajacwv*;  Velocity  (■/*) 

65.6 

22.5 

(9) 

Set.  Mr  Vel.  Aroui*VPre--bwrner  (*/•) 

20.3 

1J 

CIO) 

Sec.  Aitf  X»J,  Vul*  C Vra-'hiumar 
Oiatharne  <«/u)  (iUW  VC V 

19.5 

11.2 

ai> 

Vel.  Unetreaa  oi’  slMial  Sic.  Xaj. 
(a/*)  <400  K) 

10.5 

46 

(12) 

Vel.  Upe.tren*  cl*  tad'iai  Sec.  Inj.  , 

43 

for  1700  iC  alx.  ttiup.  <Ws) 


Team*.  Profile  a Caft.Un'  IntoK  C KV 


T/C 

(CJ 

924 

WlPii).'.  ' 

T/C 

(D) 

1023 

1145  ' 

T/C 

<S) 

1153 

U*0  ■ A 

T/C 

(y) 

1143 

Concentration  Profllg  (Pry)  (9  Cot.  Rod  Inlet 


CO 

co2 

*V 

oii: 

CO 

C02 

42 

HHC 

neat 

JL- 

X. 

PIW 

tfljt 

22S. 

% 

jk 

PP« 

EES. 

750 

3.8 

13.1 

16 

700 

V 

9tLV* 

(C> 

395 

4.5 

14.4 

32 

50 
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The  combustion  efficiency  and  combustion  product  distribution 
profiles  obtained  under  condition  2 could  possibly  have  been  improved  if 
the  amount  of  secondary  air  flow  through  the  16  radial  holes  was  increased 
beyond  40  percent, but  this  could  have  resulted  in  excessive  pre-combustor 
can  temperatures  due  to  Inadequate  cooling.  All  of  the  combustion  efficiency 
data  and  emission  index  data  discussed  in  the  rest  of  the  report  were 
obtained  with  the  combustor  operating  at  condition  1.  It  is  interesting  to 
note  that  N0X  concentrations  were  almost  double  in  the  better  mixed  method  of 
operation,  i.e.,  condition  2. 

To  further  characterize  the  gas  temperature  end  combustion  species 
distribution,  axial  temperature  and  species  concentration  profile  measure- 
ments were  made  on  the  centerline  of  the  combustor.  Table  IV  and  Figures  7, 

6 and  9 present  the  information  obtained  on  the  pre-combustor  axial  and 
radial  temperatures,  and  UHC  end  N0x  concentrations  at  m overall  t>  of  0.3 
and  a pre-combustor  4 of  l.S.  Table  l'V  presents,  the  data  obtained  from  the 
measurement  of  the  centerline  CO,  UHC  and  NO  concentrations,  as  well  as  the 
gas  temperatures  in  the  pre-combustor  secondary  mixing  section  and  In  the 
empty  catalyst  chamber.  The  gas  temperature  leaving  the  pre-combuator  can, 
before  the  secondary  quench  airwas  mixed  in  waa  'on  the  order  of  1570  K. 
Thermodynamic  calculations  (presented  in  Table  V)  predict  that  if  the  system 
were  adiabatic,  this  temperature  would  be  about  2050  K at  a 4 of  1.5  (12). 

The  difference  la  temperature  is  probably  due  to  heat  losses  from  the  system 
to  the  quench  air.  The  rapid  addition  o£  secondary  air  through  the  26  hole 
quench  xonu  reduced  the  gas  temperature  to  about  1120  K,  which  corresponds 
to  a ij  of  0,3.  The  axial  temperature  profile  through  the  rest  of  the 
sampling  points.  Went  if  ted  as  locations  G through  0,  remained  relatively 
unchanged.  The  measured  CO-  and  0^  concentrations  at  the  catalyst  chamber 
inlet  iK&rcu  quit©  well  v'.tlTthe  thersttodynaaic  calculations  for  4 ■ 0.3 
©a  ramarteed  In  tables  111  and  V.  The  axial  concentrations  of  CO,  UHC 
xaaS  Wa  in  Table  XV  illustrate  the  effectiveness  of  quenching  that  was 
achi©v«d  by  the  26  high  velocity  secondary  air  Jets. 

Figure  7 a hows  the  axial  distribution  of  UHC  and  N0X  at  an  overall 
4 w 0.3  with  an  empty  catalyst  chamber.  The  measured  NO^  and  UHC  concentrations 
titViS  wsmimt  (with  experimental  error)  over  the  20  cm  length.  The  corres- 

pn.'  residence  time  in  the  20  cm  path  length  was  in  the  order  of  2-3  ms. 
Fidtnn  3 ii  it  plot  of  the  radial  distribution  of  gas  temperature  and  hydrocarbon 
ocjuc m uv\t  1 iite  at  the  catalyst  chamber  inlet  for  conditions  1 and  2 described 
. Table  III).  The  effect  of  increasing  mixing  by  increasing 
tbw  velocity  through  the  26  secondary  air  jets  is  s minor  change  in  the  radial 
tenpevratur*  profile,  but  a significant  change  in  the  radial  hydrocarbon 
cetu&Wttf vdfcioh  profile.  Although  the  hydrocarbon  and  temperature  profiles 
were  ,\w>re  uniform  for  con  it ion  2,  It  was  decided  to  conduct  all  the  subsequent 
testing  of  catalysts  under  condition  1 because  the  fete  of  large  concentrations 
of  uaraactsd  CO  and  UHC  would  be  more  easily  and  more  accurately  determined  in 
the  catalyst  chamber  where  subsequent  conversion  of  these  species  would  occur. 
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TABLE  IV 

AXIAL  TEMPERATURE  AND  COMBUSTION  PRODUCTS 
DISTRIBUTION  IN  EMPTY  CATALYST  COMBUSTION  CHAMBER  (DRY  BASIS) 
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T/C  LOCATION 


AXIAL  DISTANCE  PEOK  PREKAKY  BURNER. 
FIGURE  9:  AXIAL-CENTERLINE  TEKPE 

OF  CATALYST  (Of)  FOR  OVERALL  i « 


Figure  9 shows  the  axial  (centerline)  gas  temperature  distribution 
in  a monolithic  catalyst  at  an  overall  t>  - 0.3.  A comparison  of  these 
temperature  data  with  similar  data  for  an  empty  catalyst  chamber  given  in 
Table  IV  shows  that  there  was  no  temperature  rise  across  the  catalyst.  A 
temperature  rise  would  not  be  expected  for  such  low  concentrations  of  UHC 
and  CO  since  the  combustion  process  was  better  than  98%  completed  before 
the  gas  mixture  from  the  pre-combustor  entered  the  catalyst. 

Subsequent  tests  to  determine  the  effect  of  an  inert  monolithic 
catalyst  support  on  the  axial  temperature  profile  within  the  catalyst  chamber 
were  performed  with  the  same  results  observed  for  catalyst  KN  (see  Appendix  II) 
shown  in  Figures  7 and  9. 


TABLE  V 


EQUILIBRIUM  COMPOSITION  OF  PRODUCTS  FROM  JP-4 
COMBUSTION  WITH  AIL  AT  300  kPa 


Preheat  Temperature  400  U Adia- 

batic Flue  Gas 
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The  decision  to  perform  all  catalyst  testing  at  condition  1 fixed 
the  air  distribution  mode,  as  indicated  in  Table  III.  Thus,  the  pre-combustor 
fuel  flow  had  to  be  reduced  if  overall  <£*s  of  less  than  0.3  were  to  be 
studied.  Table  VI  summarizes  the  required  i in  the  pre-corabustor  to 
achieve  the  indicated  overall  or  alternatively,  the  indicated  catalyst 
inlet  temperature.  It  should  be  noted  that  to  simulate  idle  according  to 
Table  II,  an  overall  d of  about  0.15  would  be  needed,  which  would  require 
operating  the  pre-combustor  at  6 ■ 0.75.  If,  on  the  other  hand,  climbout 
or  take-off  simulation  were  desired,  then  the  pre-combustor  would  have  to 
operate  richer  than  i - 1.55. 


TABLE  VI 

RELATIONSHIP  BETWEEN  COMBUSTION  MIXTURES 
AND  TEMPERATURE  IN  THE  PRE-COMBUSTOR 


Pre-Combustor  Catalyst  Inlet  (Overall) 
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3.  DESCRIPTION  OF  CANDIDATE  CATALYST 

Catalysts  and  substrate  candidates  were  selected  for  testing  by 
matching  the  desirable  features  of  catalysts  for  HCC  application  with 
those  of  commercially  available  catalysts  (i.e.,  contractual  requirements 
limited  the  selection  to  existing  catalyst  and  substrates) . The  catalysts 
were  considered  to  consist  of  an  active  material  such  as  Pt,  a substrate 
such  as  cordierlte,  and  a wash  coat  such  as  alumina.  Among  the  factors 
considered  in  selecting  the  catalyst  for  testing  were  the  maximum  operating 
temperature,  potential  pressure  drop,  compressive  strength,  resistance  to 
thermal  shock  and  capability  of  retaining  a high  surface  area  wash  coat. 

The  aarimua  operating  temperature  for  the  catalyst  was  specified  to  be 
the  adiabatic  flame  temperature  at  the  highest  overall  equivalence  ratio 


- 29  - 


— ' 


contemplated  for  this  study.  Thus,  at  an  overall  i of  about  0.3,  the 
maximum  temperature  would  be  1165  K according  to  Table  VI.  In  order  to 
take  into  account  possible  experimental  deviation  from  the  ^ * 0.3  vs  ue, 
the  maximum  operating  temperature  of  the  substrate  was  limited  to  1250  K 
for  specifying  catalysts  and  materiale  of  construction. 

One  of  the  most  important  constraints  placed  on  catalyst  selection 
was  that  high  surface/volume  configurations  would  be  required  if  complete 
conversions  of  unreacted  CO  and  UHC  were  to  be  achieved  under  high  space 
velocity  operation.  This  was  due  to  preliminary  indications  in  the 
literature\I2/  as  well  as  in  our  initial  experiments (14)  that  the  kinetics 
were  diffusion  limited. 

Other  considerations  in  substrate  selection  Included  compressive 
strength  in  the  direction  parallel  to  the  gas  flow,  resistance  to  thermal 
shock  and  magnitude  of  thermal  expansion.  The  substrates  were  also  required 
to  be  resistant  to  high  temperature  oxidation,  and  capable  of  accepting 
and  retaining  high  surface  area  wash  coats  of  refractory  oxides  such  as 
alumina,  zirconia,  magnesia,  etc.  The  geometries  of  the  5.08  cm  diameter 
by  5.08  cm  long  catalyst  supports  obtained  for  this  program  included  round 
holes  of  different  diameters,  squares,  rectangles,  triangles,  and  other 
more  complex  hollow  configurations.  The  support  materials  included  cordierite, 
alumina,  silicon  carbide,  metal  foils,  and  screens. 

Although  the  catalyst  requirements  mentioned  above  could  be 
satisfactorily  met  by  a number  of  manufacturers  and  suppliers,  the  following 
suppliers  were  selected  because  they  were  familiar  with  our  requirements. 

Also,  some  of  these  suppliers  produced  novel  materials  or  geometries  which 
appeared  promising  for  use  in  a catalytic  combustor,  details  about  each 
substrate  tested  are  given  in  Appendix  I. 

• General  Refractories  Co.,  Philadelphia,  Pa. 

• W.  R.  Grace  & Co.,  Columbia,  Md. 

• Nortor  Industrial  Ceramics,  Worcester,  Mass. 

• Nippon  Sealol  Co.,  Ltd.  (Pure  Cerbon  Co.,  St.  Mary’s  Pa.) 

• DuPont  Corp. , Wilmington,  Del. 

• Johnson-Mat they  Co.,  Ltd.,  Reading,  England 

• Matthey-Bishop,  Inc.,  Malvern,  Pa. 

In  addition  to  containing  a tabulation  of  the  substrate  properties. 

Appendix  I also  Includes  limited  experimental  data  on  tests  of  substrates 
that  either  had  very  high  pressure  drop  characteristics,  or  low  compressive 
strength  which  resulted  in  their  destruction  at  the  reference  velocities  of 
interest  In  this  program. 

Packed  nickel  alloy  worsens  coated  with  platinum,  manufactured  by 
the  Matthey-Blehop  Co.,  were  shorn  to  have  an  isothermal  pressure  drop  at  a 
reference  velocity  of  25  m/s  of  54. 6%  for  e support  length  of  7.6  cm. 

Because  of  the  high  pressure  drop  aasocleted  with  this  configuration,  no  ] 

attempts  were  made  to  obtain  CO  and  UHC  conversion  data  under  reacting  flow  , 

conditions.  Subsequent  modifications  to  the  packed  screen  support  by  $ 

Matthey-Bishop,  Inc.  led  to  the  catalyst  support  described  In  Appendix  I,  \ 

Table  XIX  which  was  tested  under  reacting  conditions.  5 
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A tightly  wound  corrugated-metal-f ilm  catalyst  support  fabricated 
by  the  Johnson-Matthey  Co.  containing  82  openings/cm2  was  not  tested  under 
reacting  flow  conditions  since  the  isothermal  pressure  drop  of  47%  was 
too  high.  The  subsequent  enlargement  of  the  corrugated  openings  in  this 
substrate  led  to  the  fabrication  and  testing  of  the  metal  substrate 
described  in  Table  XVIII  of  Appendix  I. 

The  45  and  62  holes/cm2  cordierite  monoliths  supplied  by  the 
W.  R.  Grace  Co.  described  in  Table  XIV  of  Appendix  I,  exhibited  moderately 
high  pressure  drops  under  reacting  flow  renditions.  In  an  attempt  to 
find  a lower  pressure  drop  material,  some  isothermal  pressure  drop  tests 
were  performed  on  a W.  R.  Grace  cordierite  substrate  having  larger  holes. 
Compared  to  the  W.  R.  Grace  monoliths  mentioned  above,  the  new  monoliths 
had  31  holes/cm2,  but  still  failed  to  meet  the  isothermal  pressure  drop 
requirement.  No  further  work  was  done  with  the  31  hole/cm2  monolith. 

Some  isothermal  pressure  drop  tests  were  conducted  on  an  alumina 
"sponge"  catalyst  support  supplied  by  the  Clyde  Engineering  Co.  of  Miami, 
Florida.  The  very  fragile  nature  of  this  candidate  material  led  to  its 
complete  destruction  at  the  25  m/s  velocity  of  the  pressure  drop  test.  No 
further  work  was  conducted  with  this  support. 

The  detailed  description  of  all  the  catalyst  formulations  tested 
is  tabulated  in  Append ix  11  and  summarized  in  Table  VII.  The  procedure  used 
to  select  the  catalysts  for  this  program  included  a thorough  literature  search 
and  discussions  with  catalyst  manufacturers.  The  literature  search  was 
compiled  into  an  annotated  bibliography  and  Issued  as  an  informal  report  (13). 
The  report  contains  references  to  the  general  area  of  hydrocarbon  oxidation, 
catalyst  preparation  techniques.  Inventions  and  processes  involving  homogeneous 
or  heterogeneous  catalysts. 
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The  criteria  used  to  select  various  catalyst  formulations  gradually 
became  more  refined  and  specific  as  the  Initial  set  of  results  of  CO  and  UHC 
conversions  at  various  temperatures  In  the  hybrid  combustor  were  obtained. 
Initially,  noble  metal  catalysts  on  stabilised  alumina  wash  coats  were 
selected  for  testing,  since  the  literature  study  clearly  showed  this  class  of 
metals  to  be  superior  to  all  other  metals  for  the  gas  phase  oxidation  of 
hydrocarbons  at  Initial  temperatures  of  400  to  600  K.  The  unpublished  rermlts 
of  studies  performed  at  Exxon  also  showed  that  noble  metals  promoted 
Ignition  (light-off)  of  p revapor ized-premixed  JET-A  and  air  mixtures  at 
lower  temperatures  than  required  for  base  metal  oxides  and  rare  earth 
oxides  viz.,  520  K for  noble  metals  as  opposed  to  750  and  930  K for  base 
metal  oxides  and  rare  earth  oxides,  respectively  (14).  The  maximum  operat- 
ing temperature  of  the  noble  metal  catalysts  is  limited  by  the  volatility 
of  noble  metals,  wash  coat  sintering  and  noble  metal  crystallite  growth 
at  temperatures  in  excess  of  1300  K (15) . Catalyst  deactivation  can  also 
be  caused  by  poisoning  due  to  sulfur,  mercury,  lead,  etc.  (16) . 

The  catalyst  described  In  Table  VII  and  Appendix  II  were  obtained 
from  the  various  companies  listed  above.  In  some  cases,  the  support  was 
manufactured  by  one  of  these  companies  and  the  catalyst  and  wash  coat  were 
applied  by  one  of  the  following  companies: 

e Oxy-Catalyst  Inc.,  West  Chester,  Pa. 

e W.  R.  Grace  Co.,  Columbia,  Md. 

e Jobnson-Matthey  Co.,  Ltd.,  Reading,  England 

e Matthey-Bishop  Co.,  Malvern,  Pa. 

4.  METHODS  OF  PREPARING  CATALYSTS  FOR  TESTING 

Most  of  the  candidate  catalysts  tested  during-  this  program  consisted 
of  cellular  monolith  segments  that  were  5.0b  cm  diameter  and  5.08  cm  long. 
Usually,  four  segments  of  the  same  catalyst  were  packed  end-to-end  In  a 
21.6  cm  long  thin  wall  (.033  cm)  Rastelloy-X  cylinder.  To  prevent  bypass 
around  the  monoliths,  a thin  coat  of  cordlerite  cement  was  applied  to  the 
outer  diameter  of  each  monolith.  After  the  cement  was  partially  cured 
overnight  et  room  temperature,  the  monollthe  were  pressed  into  the  tight 
fitting  Hastelloy-X  cylinder.  In  this  manner,  the  excess  cement  wss  neatly 
removed  from  the  monolith  and  e gas  tight  seal  was  craatad.  The  monollthe 
were  than  prepared  to  accept  tbs  gas  sample-thermocouple  probes  by  drilling 
0.317  cm  disaster  holes,  2.54  cm  deep,  normal  to  the  gas  flow  axis  at 
2.54  cm  intervals.  These  boles  corresponded  to  the  0.317  cm  diameter  hole 
located  In  the  Hastelloy-X  cylinder.  The  holes  were  easily  drilled  In 
cordlerite  monollthe  with  conventional  steal  drills,  but  carbide  drill  bits 
were  required  to  drill  the  holes  In  monoliths  made  of  silicon  carbide  or  alumina. 
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Some  o£  the  catalyst  candidates  were  made  of  rolled  metal  screens 
or  corrugated  metal  foils  that  were  coated  with  high  surface  area  A1„CL  which 
was  Impregnated  with  catalytic  '.materials.  When  catalysts  of  this  confxguratic 
were  tested,  the  manufacturer  of  the  catalyst  was  supplied  with  laetelloy-X 
cylinders  in  which  they  mounted  theiir  catalysts.  While  assembling  the 
metal  screen  substrate  catalysts,  the  manufacturers  provided  a void  at 
the  location  where  the  gas  sample  and  thermocouple  probets  were  to  be  inserted. 
Therefore,  unlike  the  ceramic  catalyst  supported  candidates,  the  metal  screen 
substrate  catalysts  were  a series  of  2.54  cm  long  segments  with  a small  void 
between  adjacent  segments.  The  corrugated  metal  foil  catalysts  were  drilled 
In  the  same  manner  as  the  ceramic  catalysts.  The  gas  tight  pressure  seal 
around  the  metal  supported  catalysts  was  accomplished  in  the  same  manner  as 
previously  described  for  the  ceramic  substrate  materials. 

The  Hastelloy-X  cylinder  which  contained  the  catalyst  was  Inserted 
Into  the  catalytic  combustion  chamber.  The  gas  sample-thermocouple  probes 
were  then  Inserted  through  the  holes  drilled  into  the  catalysts  which  were 
concentric  with  the  mating  ports  of  the  outer  combustion  chamber  wall.  The 
thermocouple  leads  and  stainless  steel  gas  sample  lines  were  connected  to 
the  probes,  and  pressure  checked  via  the  soap  bubble  technique  for  leaks. 

The  catalyst  combustion  chamber  was  then  bolted  to  the  pre- 
combustion  chamber  and  the  water  cooled  counter-current  heat  exchanger. 

The  entire  hybrid  combustor  was  checked  for  leaks  and  prepared  for 
test  firing  with  JP-4, 

5.  PRESSURE  DROP  CHARACTERISTICS  OF  SUPPORTS 

One  of  the  major  considerations  in  developing  a viable  catalytic 
combustor  Is  not  to  increase  its  volume  over  the  volume  of  state-of-the-art 
aircraft  combustors  while  maintaining  the  press-re  drop  through 
the  combustor  et  operating  conditions  at  less  than  6X.  We  therefore  measured 
the  pressure  drop  through  ell  catalysts  tested  with  400  K air  at  0.31  MPa, 
end  under  various  reacting  conditions.  Figure  10  is  a suamary  of  the 
pressure  drop  measurements  obtained  for  e wide  variety  of  catalysts  with 
different  geometrical  configurations.  The  Isothermal  pressure  drop  data 
were  obtained  with  catalysts  that  were  20.32  cm  long  (four,  5.08  cm  long 
segments  face-to-face).  The  reference  velocity  was  varied  from  10  to  26  m/s 
by  maintaining  constant  praasure  of  0.31  MPa  and  constant  air  temperature  of 
400  K,  but  varying  the  air  flow  rate.  Two  different  methods  were  used  to 
determine  pressure  drop.  One  method  consisted  of  simultaneously  measuring 
the  pressure  et  the  catalyst  inlet  and  outlet  face  with  a strain  gauge 
differential  pressura  transducer.  Ths  other  technique  involved  the 
individual  measurement  of  tha  catalyst  inlet  and  outlet  pressures  with  s 
precision  Bourdon-Tube  gauge  which  was  isolated  from  the  catalyst  chsmber 
by  an  appropriate  valving  arrangement.  Generally,  the  agreement  between 
the  two  techniques  was  within  5X.  The  letter  method  was  most  often  utilised 
because  of  its  simplicity. 
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The  geometry  of  any  of  the  catalysts  given  in  Figure  10  can  be  iden- 
tified by  referring  to  Table  VII.  The  pressure  drop  data  show  that  as 
the  surface/voluue  ratio  of  the  support  geometry  decreases * so  does  the 
Isothermal  pressure  drop.  Catalysts  HH,  UK  and  JK  were  observed  to  have 
the  lowest  pressure  drops  of  any  catalyst  tested.  Catalysts  HH  and  UK  had 
0.31  cm  diameter  circular  openings, while  JH  was  made  of  0.16  cm  x 0.32  cm 
rectangular  openings.  Catalysts  KT,  KP,  KN  and  KX  exhibited  similar  pressure 
drops  because  they  had  the  same  support  geometry.  The  relatively  high 
pressure  drop  associated  with  these  catalysts  which  were  a product  of  the 
W.  R.  Grace  Co.,  was  due  to  the  large  cross-section  of  the  wail  material  which 
separated  adjacent  channels.  The  W.  R.  Grace  supports  had  a S/V  ratio  of 
2109  nr/m^  compared  to  that  of  catalyst  FH  which  was  1937  m^/m  . However, 
because  of  the  difference  in  wall  thickness  between  the  two  types  of  supports, 
catalyst  FH  had  a lower  pressure  drop.  The  differences  in  wall  thickness 
between  substrates  is  due  to  the  manufacturing  techniques  involved  in  their 
fabrication. 

The  highest  pressure  drops  were  measured  in  support  geometries 
that  were  made  of  many  discontinuous  passages  or  channels  in  either  metal 
or  ceramic  materials.  Examples  of  supports  made  with  discontinuous  channels 
were  catalysts  NH  and  MQ  which  were  made  from  DuPont  TorvexR  and  cordlerlte, 
respectively.  The  DuPont  support  provided  many  radial  flow  passages  which 
were  dead-ended  to  induce  flow  reversal  and  mixing.  The  cordlerlte  support 
was  made  by  W.  R.  Grace  Co.  and  contained  many  small  rectangular  passages 
which  imparted  a swirling  motion  to  the  gas  stream. 

Other  high  pressure  u.up  catalysts  were  those  fabricated  from 
tightly  packed  metal  screens,  or  from  corrugated  and  tightly  wound  metal  foils 
such  as  catalysts  P,  PC  and  QE.  Catalyst  QF  was  also  made  from  a metal  foil 
but  the  size  of  the  corrugations  were  enlarged  compared  to  catalyst  P. 

A catalyst  of  an  entirely  different  design  consisting  of  a foamed  cellular 
skeleton  of  alumina  which  was  made  by  a proprietary  process  from  a polymeric 
foam  material  manufactured  by  the  Scott  Paper  Co.  of  Chester,  Pa.  was  tested 
but  found  too  fragile  for  aircraft  applications.  The  support  contained 
10  poret/cm^  and  was  the  product  of  the  Clyde  Engineering  Co.  of  Miami,  Fla. 

No  additional  Information  on  the  physical  properties  of  this  material  was 
available . 

In  order  to  take  advantage  of  the  large  S/V  characteristics  of 
some  of  the  supports  that  had  excessively  high  pressure  drops  when  tested 
with  4 segments  of  the  same  geometry  in  series,  some  tests  were  conducted 
by  combining  2 low  pressure  drop  segments  with  2 high  pressure  drop  segments. 
Thus,  combinations  of  catalysts  FH  and  KQ,  and  PC  and  FL  were  tested.  The 
results  showed  that  the  total  pressure  drop  corresponded  to  the  sum  of  the 
individual  pressure  drops  from  each  segment. 

The  pressure  drops  msasured  under  isothermal  flow  conditions 
(pre-combustor,  of f)  increased  as  expected  when  the  pre-combustor  was 
operated.  The  pressure  rise  was  due  to  the  increased  volume  of  gas  generated 
by  the  high  temperatures  in  the  pre-combustor  which  Increased  the  actual  gas 
velocity  through  the  catalyst.  As  can  ba  seen  from  e review  of  the  pressure 
drop  data  in  Table  VII,  the  difference  between  isothermal  and  reacting  flow 
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pressure  drop  In  s particular  catalyst  geometry  cannot  be  accounted  for  solely 
by  the  volumetric  expansion  of  the  air.  Parameters  such  as  Reynolds  Number, 
friction  factor,  geometrical  shape,  and  the  viscosity  of  the  gas  as  a function 
of  temperature  must  be  considered  to  completely  understand  the  increase  In 
preeeure  drop.  In  all  the  tests  performed  In  this  study  with  the  pre-combustor 
operating,  the  flov  through  each  channel  In  the  parallel-mailed  catalyst 
monolithic  support  vaa  In  the  turbulent  flov  regime.  Typically,  for  a catalyst 
inlet  temperature  and  pressure  of  1200  K and  0.37  MPa,  respectively,  the 
Reynolds  Number  vas  in  the  range  of  4500-5500. 

6.  EFFECT  OF  S/V  ON  CONFESSION 

A series  of  tests  with  six  dlffsrent  monolith  geometries  were 
performed  et  a pre-combuator  4 of  1.5  which  resulted  in  an  overall  4 of  0.3  at 
the  Inlet  to  the  catalyst  chamber  (aee  Table  VI) . The  reference  velocity  and 
pressure  vers  maintained  at  25.8  m/s  and  0.38  MPa,  respectively.  The  CO  and 
UHC  concentration  et  the  catalyst  bed  Inlet  vers  In  the  range  of  300  to  800  ppm. 
A 1.7  kg/m3  loading  or  (1/1)  platinum/ palladium  was  applied  to  the  stabilized 
alumina  wash  coat  which  covered  the  entire  support.  Each  test  wee  performed 
with  four,  5.08  cm  long  by  5.08  cm  diameter  segments  arranged  back-to-back.  The 
results  plotted  In  Figure  11  show  that  the  CO  and  UHC  conversions  can  bs 
correlated  with  the  S/V  of  the  support.  Complete  descriptions  for  each  of  the 
six  catalysts  ars  provided  In  Appendices  1 and  II  and  are  summarized  lu 
Table  VIII. 


TABLE  VIII 

THE  12F7ECTS  OF  CATALYST  LOADING  AND 
SUPPORT  SURFACE  AREA  ON  UHC  AND  CO  CONVERSION 


Percent  (Metal 


CiSi tons 

a llsL  . 

Wash  Coat 

to/.*.2) 

Metal  Loading 

Ci/a2J 

Conversion 
CO  HC 

Support  Mass  Load 
Area  (m2)  x Ars*)  (a) 

CH 

2473 

52.8 

0.684 

87 

98 

1.016 

0.695 

FH 

1937 

46.3 

0.870 

80 

97 

0.796 

0.692 

EH 

1700 

46.7 

0.992 

72 

87 

0.698 

0.692 

JH 

1537 

45.0 

1.10 

75 

92 

0.632 

0.693 

UK 

noo 

110 

1.53 

68 

74 

0.452 

0.692 

HR 

996 

100 

1.79 

52 

47 

0.409 

0.732 
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The**  data  show  that  as  the  S/V  ratio  of  the  support  decreased 
fro*  2473  to  996  rat /a?,  the  area  of  the  support  available  for 

heterogeneous  reactions  decreased  from  1.02  n?  to  0.409  m^  in  the  fixed 
reactor  volume  of  0.411  *3.  In  order  to  maintain  a constant  netal  loading 
of  about  0.7  g in  the  reactor,  the  amount  of  netal  per  unit  area  increased 
fro*  0.684  g/*2  to  1.79  g/*2  aa  area  decreased.  These  results  imply  that 
surface  area  is  an  Important  consideration  for  UHC  and  CO  conversion  since 
the  highest  conversions  occurred  at  the  lowest  netal  loading  pe'  unit  area. 
These  data  tend  to  confirm  data  presented  in  the  literature  t’.at  indicate 
that  heterogeneous  oxidation  is  diffusion  controlled  at  1200  K (11 , 13) . 

Thus,  a dealrable  catalyst  for  CO  and  UHC  conversion  should  have  as  large 
a surface  area  as  possible  without  exceeding  the  6Z  pressure  drop  criterion. 

It  was  also  observed  in  these  experiments  that  the  oxidation  of  CO  was 
slower  than  that  of  UHC. 

In  order  to  verify  this  strong  effect  of  support  surface  area  on 
UHC  and  CO  conversions,  a more  detailed  study  was  performed  with  catalyst 
FH  and  JH.  The  effect  of  temperature  over  the  range  of  800*1200  K on 
conversion  was  plotted  In  Figure  12.  The  slopes  of  the  Arrhenius  curves 
obtained  for  CO  and  UHC  conversion  Indicated  that  the  overall  oxidation 
reactions  were  probably  diffusion  limited.  The  activation  energies  were 
2.38  end  7.82  kJ/mol  for  the  oxidation  of  CO  and  UHC,  respectively.  Interest- 
ingly, the  activation  energies  for  UHC  oxidstion  with  both  catalysts  were  the 
sane,  and  the  activation  energies  for  CO  oxidation  were  also  the  same  with  both 
catalysts,  but  as  stated  previously,  the  oxidation  of  UHC  was  more  temperature 
dependent  than  that  of  CO.  These  observations  are  consistent  with  the 
strong  effects  of  surface  area  on  UHC  and  CO  conversions  observed  earlier. 

Other  possible  explanations  of  these  results  are  provided  by  Cerkanovicz, 
et  al.,  (17). 

7.  EFFECTS  OF  SUBSTKATE  MATERIAL  ON  CO  AND  UHC  CONVERSIONS 

Physical  properties  of  support  materials  such  as  heat  capacity, 
thermal  conductivity,  and  thermal  expansion  were  considered  important  to 
the  overall  operation  of  the  catalyst.  A brief  study  was  therefore  made  to 
determine  the  effect  of  these  parameters  on  UHC  and  CO  conversions.  But, 
because  there  were  only  limited  variations  of  the  materials  of  construction 
currently  available,  the  study  could  not  be  generalised.  The  materials  that 
were  available  for  testing  included  cordlerite,  silicon  carbide  (beta  form) 
and  uickal-chroma  metal  alloys.  The  composition  of  the  catelysta  which 
were  fabricated  using  thaaa  materials  sre  listed  in  Table  VII,  vis.,  UK  and 
RA  on  silicon  carbide,  F,  QU,  QF  and  PC  on  netal  alloys,  and  the  remainder 
on  cordlerite. 

The  beet  comparison  between  cordlerite  and  silicon  carbide  aa 
supports  can  be  mads  between  catalysts  UK  and  HH,  both  of  which  had  similar 
geometrical  shapes  (0.31  cm  round  holes).  Catalyst  UK  was  made  by  tha 
Horton  Co.  with  silicon  carbide,  end  catalyst  HH  was  sad*  by  tha  General 
Refractories  Co.  with  cordlerite.  Both  catalyets  were  wash  coated  with  S102 
stabilized  alumina  and  Impregnated  with  a 1.7  kg/m^  loading  of  (1/1)  Pt/Pd. 

Tha  wash  coat  and  active  metal  were  applied  to  the  supports  by  Oxy -Catalyst , 
lac.  A comparison  of  ths  00  and  UHC  conversions  In  the  temperature  range  of 
1139-1166  K showed  that  the  silicon  carbide  supported  catalyst  promotad 
hlghar  cenvsrelons  than  the  cordlarlta  catalyst.  The  catalyst  with  ths 
silicon  carbide  support  achieved  16Z  better  CO  conversions  and  28Z  batter 
UHC  conversions,  under  similar  test  conditions,  than  the  catalyst  with  the 
cordlerlts  support*  Although  insufficient  data  are  available,  preliminary 
indications  are  that  silicon  carbide  is  mors  active  in  promoting  tha  oxidation 
react tons.  It  Is  doubtful  that  a direct  catalytic  effect  can  be  attributed  to 
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the  silicon  carbide,  but  as  a result  of  the  larger  thermal  conductivity  of 
silicon  carbide  than  that  of  cordierite,  one  may  speculate  that  better  heat 
transfer  may  have  contributed  to  the  higher  activity  of  the  silicon  carbide 
catalyst.  The  thermal  conductivity  of  beta-silicon  carbide  is  0.213  W/m°C  at 
1300  K,  while  cordierite  had  a thermal  conductivity  of  0.071  W/m°C  at  1200  K. 
The  specific  heats  of  both  materials  were  similar,  viz.,  0.8-1. 3 kJ/kg  C °( 6) . 

During  the  testing  of  the  silicon  carbide  catalysts,  it  was  appar- 
ent that:  the  response  to  thermal  changes  within  the  catalyst  was  very  rapid. 
Thus,  when  the  overall  d of  the  system  was  varied,  a "step-change"  in  the 
gas  temperature  within  the  support  was  observed  immediately . With  cordierite, 
on  the  other  hand,  the  gas  temperature  within  the  support  changed  much  more 
gradually  in  response  to  the  change  in  d* 

The  effect  of  the  silicon  carbide  support  in  catalyst  KA  (rare 
earth  oxide  catalyst)  cannot  be  compared  directly  with  other  catalysts  sir.ie 
catalyst  BA  contained  no  wash  coat.  When  compared  with  catalyst  KR,  a 
cordierite  supported  rare  earth  oxide  catalyst  with  an  alumina  wash  coat, 

RA  achieved  slightly  higher  UHC  conversion,  but  much  lower  CO  conversion. 

In  view  of  the  few  SiC  supported  catalysts  tested  and  the  scatter  of  the 
data,  no  definitive  justification  for  specifying  one  substrate  over  another 
could  be  made. 

A comparison  of  the  effects  of  cordierite  and  metal  foil  supports 
on  the  conversion  of  CO  and  UHC  cannot  be  made  from  the  available  data  since 
the  only  successful  metal  supported  catalyst  had  a S/V  of  4100  m2/n»3  which 
is  nearly  twice  as  great  as  the  largest  surface/volume  of  2473  m2/m3  for  the 
available  cordierite  supported  catalyst.  However,  as  was  observed  with  the 
silicon  carbide  catalysts,  the  thermal  response  of  metal  supports  was  much 
superior  to  cordierite  based  catalysts. 

Some  comments  on  the  subject  of  durability  of  catalyst  supports  at 
high  temperatures  are  needed.  Evidence  of  the  potentially  dlsasterous  effect 
of  high  temperature  on  supports  was  obtained  early  in  the  experimental  phase 
of  the  program.  A severe  problea  concerned  with  melting  of  cordierite 
catalysts  was  encountered.  The  catalyst  was  observed  to  melt  or  deform  when 
an  ignition  delay  in  the  pre-combuator  was  experienced.  Usually,  a faulty 
ignition  electrode  was  responsible  for  the  ignition  lag  which  could  be  on 
the  order  of  a few  seconds.  During  the  period  before  ignition  of  the  pre- 
combuator,  the  unburned  JP-4  was  deposited  on  the  surfaces  of  the  catalyst. 

Soma  fraction  of  the  liquid  fuel  was  adsorbed  by  the  support  material  or  wash 
coat  or  both.  Subsequent  ignition  of  the  pre-combustor  gave  rise  to  near 
stoichioatetric  flame  temperatures  on  the  surface  of  the  catalyst  which  caused 
the  support  to  melt  or  become  sufficiently  plastic  to  be  badly  deformed.  In 
order  to  determine  if  this  severe  thermal  condition  was  being  catalytlcelly 
promoted,  e cordierite  support  without  wash  coat  or  catalyst  materials  was 
tested.  The  support  melted  even  though  the  measured  gas  temperatures  within 
the  support  never  exceeded  1200  K,  which  is  substantially  less  than  the  melting 
point  of  cordierite.  It  was  therefore  concluded  that  it  was  not  necessary 
for  the  observed  phenomena  to  be  catalytically  promoted. 


It  was  thought  that  the  problem  assoclted  with  faulty  Ignition 
could  be  mitigated  if  the  catalyst  support  was  made  of  a high  melting  point 
and  high  thermal  conductivity  material.  However,  catalyst  QF,  which  con- 
tained a high  temperature  metal  alloy  foil  support  melted  when  an  ignition 
delay  of  the  pre-combustor  occurred.  Again,  as  had  been  observed  in  tests 
with  cordierite  supported  catalysts,  the  measured  gas  temperature  never  exceeded 
12G0  K within  the  catalyst  bed  or  at  the  entrance  of  the  bed.  The  melting 
point  of  the  metal  alloy,  although  not  determined,  was  estimated  to  be  about 
1800  K. 

During  the  tests  with  silicon  carbide  catalyst,  no  melting  or  deform- 
ation of  the  support  was  observed.  If  an  ignition  lag  in  the  pre-combustor  did 
occur,  there  was  no  way  of  detecting  it  within  the  catalyst  with  the  employed 
techniques,  since  the  useful  operating  temperature  of  silicon  carbide  in  an 
oxidizing  atmosphere  is  presumed  to  be  in  excess  of  1900  K. 

8.  EFFECTS  OF  HASH  COAT  MATERIALS  ON  CO  AND  UHC  CONVERSIONS 

Activity  of  supported  catalysts  is  significantly  enhanced  by  the 
application  of  a high  surface  area  material  to  the  surfaces  of  the  support. 

The  BET  (Brunauer,  Emmett  and  Teller  (18))  surface  areas  of  gamma-alumina 
wash  coats  applied  to  some  of  the  candidate  catalysts  before  exposure  to 
gas  temperatures  above  1200  K were  measured  by  Oxy-Catalyst  Inc . , to  be  on  the 
order  of  140-160  m2/g  (19).  After  exposure  to  high  temperatures,  the  surface 
areas  of  unstabilized  wash  coat  materials  were  reduced  to  1.0  m2/g.  However, 
depending  upon  the  concentration  and  preparation  techniques  employed,  and 
type  of  stabilizers  in  the  wash  coat,  the  surface  area  of  the  alumina  could 
be  maintained  at  values  approaching  10  m2/g.  The  various  wash  coats  applied 
to  the  catalysts  tested  in  this  program  are  listed  in  Table  IX. 

TABLE  IX 

HASH  COAT  COMPOSITIONS 


e AI2O3  + S102 

• N10  + SIO2 
e Zr02  + CoQ 

w AI2O3  + Ce02 

• AI2O3  + CuO  + Cr203  + Mn02 


Although  BET  surface  areas  were  not  measured  after  the  catalysts 
were  exposed  to  high  temperature  oxidizing  streams,  some  rough  indications  of 
the  effectivenees  of  the  wash  coat  on  CO  and  UHC  conversions  were  discerned 
from  the  results.  A comparison  of  the  UHC  and  CO  conversions  et  1200  K for 
catalysts  KF  and  EU»  which  were  0,127  Irregular  rectangle  opening  cordxerlte 
monoliths  from  the  W.  R.  Grace  Co.,  showed  that  for  the  same  Pd  loadings,  the 
Zr02  + CoO  wash  coated  catalyst  had  less  activity  than  the  AI2O3  + CuO  + 
Cr203  + MCO2  wash  coated  catalyst.  Xt  should  be  noted  that  the  catalyst  KP 
had  twice  as  much  wash  coat  material  as  catalyst  KU.  Thus,  sn  alternate 
explanation  might  be  that  excessive  wash  coat  materiel  is  detrimental  to  the 
activity  of  thm  catalysts. 
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The  effect  of  wash  coat  loading  for  the  catalysts  having  the  same 
noble  metal  loading,  but  different  s/V,  can  also  be  seen  when  comparing  catalysts 
GH  and  UK.  Both  catalysts  contain  approximately  13  g of  noble  metal  per  kg  of 
wash  coat;  but  catalyst  UK  contained  twice  the  wash  coat  loading  (on  an  area 
basis)  and  achieved  approximately  75Z  the  conversion  of  catalyst  GH  for  UHC 
and  CO.  A similar  observation  can  be  made  for  catalysts  FH  and  HH.  Both 
catalysts  contained  about  17  g of  noble  metal  per  kg  of  wash  coat*  but  catalyst 
HH  had  about  twice  the  wash  coat  loading,  i.e.,  100  g/m2  as  compared  to  46  g/m2 
for  catalyst  FH.  In  this  case,  catalyst  HH  converted  only  about  half  the  CO 
and  UHC  that  FH  achieved.  It  should  be  noted  that  iu  the  comparison  of  GH 
and  UK,  and  FH  and  HH,  there  was  also  a S/V  change  of  about  2 for  each  pair. 

Thus  the  possible  wash  coat  effect  cannot  be  fully  disassociated  from  a S/V 
effect. 


A comparison  of  the  effect  of  dissimilar  wash  coat  materials  on  CO 
and  UHC  conversions  can  be  made  with  catalysts  KT  and  KU.  Both  catalysts 
had  similar  support  geometries  but  different  noble  metal  loadings  and  wash 
coats.  Catalyst  KT  had  a noble  metal  loading  which  was  1.31  kg/m^, consisting 
of  a 23/1  (by  wt.)  mixture  of  Pt/Rh  on  a NiO  4-  Si02  wash  coat.  Catalyst  KU 
had  a 0.39  kg/m^  loading  of  palladium  on  an  AI2O3  + CuO  4*  Cr302  4-  Hn02  wash 
coat.  Although  catalyst  KU  had  1/3  the  noble  metal  loading  of  catalyst  KT, 
the  CO  and  UHC  conversions  measured  at  1200  K for  catalyst  KU  were  19  and  22% 
greater,  respectively,  than  the  conversions  observed  for  catalyst  KT.  Since 
the  activities  of  platinum  and  palladium  for  hydrocarbon  oxidation  in  the 
temperature  range  of  1000-120C  K would  not  be  expected  to  be  vastly  different, 
it  appeared  that  the  difference  between  the  CO  and  UHC  conversions  in  catalysts 
KT  and  KU  were  due  to  variations  in  wash  coat  formulations . 

Sufficient  test  data  were  not  available  to  allow  for  significant 
comparisons  to  be  made  on  the  effect  of  CeO  and  Si02  in  AI2O3  on  UHC  and  CO 
conversions.  Also,  because  of  the  nature  of  this  program,  which  was  primarily 
to  evaluate  a large  number  of  available  catalysts,  no  detailed  results  were 
sought  on  the  effects  of  wash  coat  formulations  on  catalytic  activity.  The  re- 
sults presented  above  are  very  speculative  in  view  of  the  large  number  of 
variables  that  can  affect  catalyst  activity. 

9.  THE  EFFECTS  OF  CATALYST  FORMULATION  ON  CO,  UHC  AND  NO*  CONVERSIONS 

The  procedlng  sections  discussed  how  the  effectiveness  of  oxidation 
catalysts  dspends  on  various  chemical  and  physical  parameters  associated  with 
the  support  material,  its  geometrical  configuration, and  the  wash  coat  formula- 
tion. None  of  these  parameters,  by  themselves,  are  s a important  in  the 
oxidation  of  a hydrocarbon  as  the  type  of  active  catalytic  metal  which  is 
impregnated  into  the  wash  coat.  To  understand  the  activity  of  catalytic  metals 
In  hydrocarbon  oxidation  reactions,  each  of  the  candidate  metals  or  combinations 
of  metals  were  tested  over  the  same  range  of  gas  temperatures,  equivalence 
ratios,  and  pressures.  Having  previously  obtained  indications  of  the  effects 
of  the  catalyst  support  (material,  wash  cost,  etc.)  on  UHC  end  CO  conversions, 
the  specific  effect  of  the  catalytic  materials  and  their  loadings  on  the 
conversion  of  potential  pollutants  was  sought.  Table  VII  summarizes  the 
experimental  tast  results  obtained  for  all  the  candidate  catlayets  under  the 
test  conditions  listed  in  Table  III  under  condition  1. 
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The  activity  of  noble  metal  catalysts  on  CO  and  UHC  conversion 
is  coopered  in  Table  X.  Based  on  the  data  in  Table  X,  it  can  be  concluded 
that  within  experimental  scatter  there  is  little  apparent  advantage  in 
using  either  Pt  or  Pd  as  the  active  metal.  The  two  other  noble  netals 
tested  were  Rh  and  Ir,  and  they  show  lower  activity  than  Pt  and  Pd. 

Coopering  catalysts  KT  which  contains  0.63  g/m^  Pt/Rh  - 23,  catalysts 
KU  containing  0.19  g/m 2 Pd  and  KN  containing  1.33  g/vfi  Pt/Pd  « 2.5,  one 
can  see  that  KD  contains  an  intermediate  noble  metal  loading  but  is  the  least 
effective  oxidation  catalyst  of  the  three.  Similarly,  when  comparing  catalysts 
FH  and  FD  + FE  which  contained  about  0.9  g/m?  noble  metals  each,  it  can  be  seen 
that  the  Pt/Ir  ■ 1 catalyst  (FB  + FE)  was  less  active  than  the  Pt/Pd  - 1 
catalyst  (FH).  It  wist  be  emphasized  that  these  results  are  presented  to 
Indicate  apparent  trends  and  should  not  be  used  to  eliminate  any  one  of  the 
noble  metals  from  consideration  as  a catalytic  component.  None  of  the  results 
presented  above  were  duplicated,  nor  were  corrections  introduced  for  other 
factors  such  as  wash  coat  composition  to  clearly  focus  on  the  metal  activity. 

In  general,  one  can  say  that  activity  improved  with  increased  noble  metal 
loading  and  increased  S/V.  It  is  also  apparent  from  Tabic  X that  catalysts 
that  are  very  active  for  CO  oxidation  are  also  very  active  for  UHC  oxidation. 
The  CO  conversion  data  from  all  experiments  waa  compared  against  the  UHC 
conversion  using  a linear  least  squares  regression  technique  and  was  found  to 
correlate  well.  The  fraction  of  explained  variance  (R^)  was  70%,  i.e. , 70% 
of  the  variation  is  accounted  for  by  the  line.  Figure  13  presents  a plot  of 
conversion  of  CO  vs.  conversion  of  UHC.  It  can  be  seen  in  Figure  13  that  UHC 
conversions  are  generally  slightly  higher  than  CO  conversions  but  correlate 
along  the  diagonal.  Thus,  as  inferred  before,  UHC  conversion  seems  to  occur 
at  a higher  rate  than  CO  at  the  caste  operating  conditions. 


TABLE  X 

EFFECT  OF  NOBLE  METAL  COMPOSITION  ON  OXIDATION  ACTIVITY 


Catalyst 

S/V 

KT 

2109 

KN 

2109 

XX 

2109 

xc 

2109 

2109 

FH 

1937 

FI 

1937 

FI 

1937 

rv 

1937 

PC 

1937 

ID  + FE 

1937 

J!t 

1537 

X 

1537 

Conversion 

Wash 

CO 

UHC 

Coat 

Z 

% 

I7S* 

69 

70 

52.3 

82 

86 

39.2 

82 

67 

60.0 

82 

92 

37.5 

91 

96 

44.1 

80 

97 

46.3 

75 

74 

49.2 

78 

83 

49.2 

74 

62 

49.2 

64 

86 

40.5 

so 

60 

47.8 

75 

92 

45.0 

40 

60 

49.6 

Metal 

tiding 

Metal  Ratio 

g/m* 

0.63 

Pt/Rh  « 23 

1.33 

Pt/Pd  - 2.5 

2.60 

Pt/Pd  - 1 

0.19 

Pt/Pd  - 0 

1.55 

Pt/Pd  - 0 

0.87 

Pt/Pd  - 1 

0.28 

Pt/Pd  - 1 

1.70 

Pt/Pd  - 0 

1.69 

Pt/Pd  - 0 

0.20 

Pt/Pd  * 0 

0.88 

Ir/Pd  • 1 

1.10 

Pt/Pd  - 1 

0.25 

Pt/Pd  - 0 
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10.  THE  TEMPERATURE  DEPENDENCY  OF  CATALYST  ACTIVITY  FOR 
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UHC  AND  CO  CONVERSION  AND  NOx  PRODUCTION 


To  determine  the  temperature  dependency  of  catalytic  oxidation 
of  UHC,  CO  and  NOx  precursors  as  a function  of  catalysts,  a majority  of 
the  catalysts  described  In  Table  VII  and  Appendix  II  were  tested  over  a 
range  of  inlet  temperatures  from  800  to  1200  K.  The  pre-combustor  air 
inlet  was  maintained  at  25  m/s  and  the  combustion  chamber  pressure  was 
held  constant  at  0.37  MPa.  The  gas  temperature  at  the  catalyst  bed 
inlet  was  varied  by  maintaining  constant  air  flows  but  varying  the  JP-4 
flow  rate.  As  was  discussed  in  Section  III,  the  overall  equivalence 
ratio  of  the  gas  mixture  entering  the  catalyst  was  determined  by  the 
equivalence  ratio  of  the  pre-combustor  primary  combustion  zone,  which 
was  varied  from  1.5  to  0.6.  The  corresponding  range  of  overall  d was 
0.3  to  0.12.  These  experimental  test  conditions  simulated  the  aircraft 
gas  turbine  "idle"  power  setting.  The  operating  parameters  which  described 
the  various  power  settings  of  aircraft  gas  turbine  engines  were  given  in 
Table  II. 


The  temperature  dependency  of  catalyst  activity  toward  UHC,  CO 
and  NOx  conversions  are  given  in  Figures  14  through  32.  The  plots  were 
prepared  to  show  the  percent  change  in  UHC,  CO  and  N0X  concentrations 
experienced  by  the  pre-coobustor  gases  traversing  a 20.3  cm  long  catalyst 
bed.  Gas  sample  probe  measurements  at  the  inlet  and  outlet  of  the  catalyst 
bed  were  obtained  as  a function  of  catalyst  bed  inlet  temperature.  The 
ordinate  is  the  percentage  change  in  concentration  rather  than  the  absolute 
concentration,  because  the  concentration  of  CO,  UHC  and  NOx  entering  the 
catalyst  varied  slightly  due  to  fluctuations  in  the  fuel  flow  rate,  which 
were  on  the  order  of  5Z  of  the  indicated  rotameter  flow.  The  air  flow 
rates  were  corrected  for  temperature  changes  but  uncertainties  in  the 
rotameter  readings  were  about  5%  of  the  total  air  flow  rate. 


A review  of  the  temperature  dependency  plots  for  each  catalyst 
shows  that  an  Increase  in  the  N0X  concentration,  without  exception,  occurred 
probably  as  a result  of  the  catalytic  oxidation  of  nitrogeneous  molecules 
which  were  formed  in  the  pre-combustion  zone.  It  is  believed  that  nitrogen 
bearing  molecules  other  than  NO  or  N02,  such  as  NH3  or  HCN,  were  formed  in 
small  concentrations  in  the  pre-combustion  zone.  The  catalytic  oxidation 
of  NH3  and  HCN,  especially  over  noble  metal  catalysts,  may  have  been  nearly 
complete,  with  the  result  that  the  measured  N0X  concentrations  at  the  catalyst 
exit  were  greater  than  the  values  measured  at  the  catalyst  inlet.  Tests 
conducted  with  inert  catalyst  supports  or  a catalyst  chamber  void  of  all 
material  showed  that  homogeneous  oxidation  reactions  did  not  cause  the  NOx 
concentration  to  increase.  In  general,  it  was  observed  that  if  a particular 
catalyst  achieved  high  CO  and  UHC  conversions,  then  the  increase  In  NOx 
across  the  catalyst  was  also  very  large,  on  the  order  of  45-50Z.  In 
referring  to  Figures  16  and  17  which  describe  the  activity  of  noble  metal 
catalysts  FU  and  KQ,  it  can  be  seen  that  the  NOl  concentration  curves  are 
not  very  temperature  dependent.  The  fact  that  the  maximum  increase  in  NOx 
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concentration  occurred  in  the  temperature  range  of  900-1000  K may  be 
related  to  the  equivalence  ratio  of  the  pre-combustor . Referring  to 
Table  VI  which  auaaarlzed  the  relationship  between  pre-combustor  4, 
overall  i and  catalyst  Inlet  temperature » it  can  be  seen  that  the  maximum 
increase  in  N0X  concentration  in  catalyst  FH  and  KQ  coincided  with  near- 
stoichiometric  pre-combustor  operation.  Similar  effects  were  observed 
for  nearly  all  noble  metal  catalysts.  This  was,  however,  not  the  case 
with  rare  earth  oxide  catalysts  KR  and  RA  shown  in  Figures  19  and  20, 
respectively.  By  comparing  the  REO  catalysts  with  noble  metal  catalysts,  it 
was  observed  that  the  increase  in  N0X  concentration  seemed  to  be  more  tcnpera- 
ture  dependent  with  REO  catalysts.  The  curves  showing  the  effect  of  temperature 
on  concentration  change  of  emissions  can  be  used  to  predict  the  activity  of 
a combination  of  catalyst  segments.  Such  combinations  are  desirable  to 
overcome  pressure  drop  limitations.  Thus,  two  5.08  cm  long  segments  of 
catalyst  KQ  which  had  acceptable  UHC  and  CO  conversion  characteristics 
(see  Figure  17),  but  an  undesirable  pressure  drop,  were  combined  with  two 
5.08  cm  long  segments  of  a low  pressure  drop  catalyst  FH  (see  Figure  16). 

This  combination  is  referred  to  as  catalyst  FH  & KQ  in  Table  VII  and  its 
emissions  are  Included  in  Figure  24.  Catalyst  FH  was  previously  observed 
to  convert  80  and  97Z  of  the  CO  and  UHC,  respectively,  at  1200  K and  the 
pressure  drop  under  reacting  conditions  was  5.4Z.  Under  the  same  test 
conditions,  catalyst  KQ  had  a pressure  drop  of  19Z  with  91  and  S6Z  CO  and 
UHC  conversions,  respectively.  The  combination  of  catalysts  FH  and  KQ 
resulted  in  a reacting  flow  pressure  drop  of  11. 8Z,  and  CO  and  UHC 
conversions  of  93  and  92Z,  respectively.  These  results  demonstrated  that 
the  catalyst  can  be  tailored  by  Judiciously  choosing  the  proper  support 
geometries  to  achieve  desirable  pressure  drop  characteristics  and  low 
emissions. 


The  search  for  catalysts  that  would  remain  active  after  exposure 
to  temperatures  in  excess  of  the  1300  K for  long  periods  of  time  was 
directed  at  other  than  noble  metal  catalysts,  since  noble  metals  migrate , 
form  crystallites,  and  vaporize,  thus  promoting  catalyst  deactivation. 

The  catalytic  activity  of  rare-earth  oxides  was  found  to  be  insufficient 
(see  Figures  19  and  20).  Catalyst  KR  and  RA  contained  mixtures  of  rare 
earth  oxides  (REO)  on  cordlerite  and  silicon  carbide  supports,  respectively. 
The  cordlerite  supported  REO  was  wash  coated  with  stabilized  AI3O3,  while 
catalyst  RA  consisted  of  a corrugated  silicon  carbide  support  which  was 
coated  with  a mixture  of  lanthanum,  strontium  and  manganese  oxides  in  the 
absence  of  any  wash  coat  material.  The  data  in  Table  VII  showed  that  the 
presence  of  the  high  surface  area  AI2O3  waah  coat  on  KR  did  not  significantly 
affect  the  UHC  and  CO  conversions  compared  to  catalyst  RA  which  had  no  wash 
coat  end  a much  smaller  geometrical  surface  area  support  than  catalyst  KR. 

The  RSO  loadings  were  68.25  g/m2  on  RA  compared  to  13  g/m2  for  catalyst  KR. 
Since  such  massive  catalyst  loadings  did  not  produce  acceptable  CO  and  UHC 
conversions  on  high  surface  area  supports,  no  further  testing  was  conducted 
in  this  program.  One  of  the  interesting  characteristics  of  REO  catalysts 
was  that  they  seamed  to  be  fairly  good  hydrocarbon  oxidation  catalysts , 
sspacialiy  st  temperatures  in  excsss  of  1200  K,  but  poor  catalysts  for  CO 
conversion. 
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The  REO  catalysts  were  ineffective  in  promoting  the  CO  oxidation 
reactions  below  1100  K.  This  effect  was  evidenced  by  the  fact  that  the  CO 
conversion  curves  for  both  catalysts  passed  through  the  ordinate  zero  in 
Figures  19  and  20  at  1100  K.  At  800  K,  both  REO  catalysts  generated  nearly 
302  more  CO  than  had  entered  the  catalyst  bed.  At  this  low  temperature, 
where  the  overall  i was  about  0.15,  the  hydrocarbon  conversions  were  only 
about  102.  Thus,  hydrocarbons  were  apparently  Incompletely  oxidized  to  CO. 

The  thermal  deactivation  of  a noble  metal  promoted  base  metal 
oxide  catalyst  was  observed  to  occur  during  the  testing  of  catalyst  KU.  In 
Figure  21,  the  temperature  dependency  of  catalyst  activity  toward  CO  and 
UHC  conversion  and  N0X  production  is  plotted  for  two  different  run  durations. 
The  dashed  curves  were  obtained  over  a 70  minute  period  beginning  with  a 
fresh  catalyst.  The  solid  curves  were  obtained  after  an  accumulated  test 
time  of  140  minutes.  Apparently,  catalyst  deactivation  was  occurring  even 
over  such  a short  period  of  time.  Whether  this  mechanism  was  due  to 
sintering  of  the  wash  coat,  migration  of  the  noble  metals  or  some  reaction 
between  the  noble  metals  and  the  base  metal  oxides  was  not  determined. 
Subsequent  to  the  completion  of  the  tests,  it  was  learned  frost  a private 
communication  with  Dr.  W.  Retallick  of  Oxy-Catalyat , Inc.,  that  he  had 
observed  similar  catalyst  deactivation  processes  when  copper  was  one  of  the 
base  metals  used  in  the  presence  of  platinum  or  palladium  (19).  Dr.  Retallick 
postulated  that  copper  and  noble  metals  react  in  some  mannar  which  is 
detrimental  to  activity  maintenance  at  high  temperatures.  Since  noble  metal 
promoted  baae  metal  oxide  catalysts  were  among  the  most  active  tested  during 
the  program,  a study  of  the  effects  of  eliminating  the  copper  from  the 
catalyst  formulation  was  initiated.  Catalyst  FV  was  prepared  from  square 
opening  cordlerite  Impregnated  with  3.3  kg/»3  palladium  and  Cr^O-  + MnOo  with 
an  AI2O3  wash  coat  applied  over  the  active  materials.  The  results  of  the 
test  with  FV  are  plotted  in  Figure  26  and  show;  that  compared  to  the  results 
obtained  with  catalyst  KU  plotted  in  Figure  20,  the  activity  of  catalyst  KU 
containing  CuO  was  superior  to  the  copper-free  catalyst.  Since  the 
wash  cost  was  applied  over  the  active  materials,  the  test  did  not  provide  the 
desired  comparison  with  a copper  bearing  catalyst.  It  was  surprising  that 
any  CO  or  UHC  conversions  were  observed  at  all  for  catalyst  FV.  Time  did  not 
permit  the  testing  of  a properly  prepared  catalyst  free  of  copper. 

A combination  of  catalysts  containing  1.7  kg/nr*  loadings  of  palladium 
or  iridium  on  SIO2  stabilized  alumina  were  tested  on  square  hole  cordlerite 
supports.  Two  segments  of  each  type  of  catalyst  (FD  & FE)  were  arranged  in 
an  alternating  fashion  within  the  catalyst  chamber.  The  test  results,  shown 
in  Figure  32  and  Table  VII,  Indicated  that  the  combination  of  Pd  and  Ir  was 
not  a good  hydrocarbon  oxidation  catalyst, but  a better  catalyst  for  CO 
oxidation.  The  data  plotted  in  Figure  32  were  not  typical  of  noble  metal 
catalysts  previously  tested  in  that  the  level  of  CO  conversion  remained 
essentially  constant  at  502  over  the  temperature  range  from  900  to  1275  K. 

The  large  increase  in  NO*  concentration  formerly  measured  in  noble  metal 
catalysts  was  not  observed  with  the  combination  catalyst  FD  & FE.  From 
these  preliminary  test  results  it  appeared  that  the  incorporation  of  iridium 
into  a platinum-palladium  catalyst  may  promote  the  CO  oxidation  reactions  and 
maintain  high  UHC  convarsion. 
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One  of  the  catelysts  that  exhibited  high  CO  and  UHC  conversion 
in  the  temperature  range  from  1000  to  1250  K,  and  met  the  62  pressure  drop 
requirement*  was  catalyst  QF.  The  catalyst  was  manufactured  by  the  Johnson- 
Matthey  Co.*  Ltd.  of  England.  This  novel  catalyst  consisted  of  a corrugated 
and  rolled  metal  alloy  film  wash  coated  with  highly  stable  AI2O3  and 
impregnated  with  5.27  kg/&3  of  platinum.  On  a mass  per  unit  areas  basis* 
the  platinum  distribution  was  1.04  g/m2.  The  interesting  aspect  of  this 
catalyst  was  that  its  S/V  ratio , viz.,  4100  m2/mj,  was  much 
larger  than  the  best  non-metal  support  geometry  which  was  2473  »2/ra3  for  a 
triangular  geometry  monolith  (GH) . The  large  S/V  ratio  of  the  metal  support 
resulted  from  the  extremely  thin  wall  between  adjacent  corrugations  which  was 
0.05  ami.  The  alumina  wash  coat  was  applied  in  a maimer  which  precluded 
spahllng  or  cracking.  The  temperature  dependency  of  catalyst  QF  toward  UHC 
and  CO  conversion  and  NOg  production  is  shown  in  Figure  30.  Because  catalyst 
QF  was  a very  active  CO  and  UHC  oxidation  catalyst,  it  was  also  observed  to 
be  an  efficient  promoter  of  the  oxidation  of  N0X  precursors,  as  evidenced  by 
the  502  Increase  in  N0X  measured  across  the  catalyst. 

One  important  distinction  to  be  kept  in  mind  when  comparing  the 
temperature  dependency  of  QF  with  the  other  catalyst  candidates  is  that  the 
length  of  QF  was  15.25  cm  compared  to  the  majority  of  other  catalysts  where 
Che  length  was  20.3  cm. 

The  high  CO  and  UHC  conversions  obtained  with  catalyst  QF  were 
due  mainly  to  the  large  geometrical  surface  area  of  this  catalyst  support, 
made  possible  by  the  thin  walls  of  the  cells.  The  actual  geometrical  surface 
area  of  the  15.25  cm  long  by  5.08  cm  diameter  catalyst  was  1.56  m2  compared 
to  0.761  m2  available  in  an  equivalent  length  of  catalyst  GH. 

11,  THE  EFFECT  OF  BED  LENGTH  AND  TEMPERATURE  ON  CONVERSIONS 

Some  Interesting  data  concerning  the  effect  of  catalyst  bed  length 
on  CO  and  UHC  conversions  and  N0X  productions  wuir«  obtained  for  catalyst  IQ 
over  a temperature  range  between  700  and  1200  SC.  The  air  preheat  temperature 
was  400  K.  The  combustion  chamber  pressure  was  0.3?  MPa  and  the  reference 
velocity  was  25  m/s.  Catalyst  bed  inlet  temperatures  were  changed  by  varying 
the  JP-4  flow  rate  while  maintaining  a constant  sir  flow.  The  effect  of 
catalyst  bed  length  on  conversions  was  found  by  running  a series  of  tests 
with  two,  5.08  cm  long  catalyst  segments  inserted  in  the  catalyst  chamber  and 
another  set  of  tests  with  four  catalyst  segments  in  the  catalyst  chamber. 
During  each  series  of  tests,  the  temperature  of  the  pre-combustor  gases  was 
varied  over  the  seme  range.  CO,  UHC  and  NQg  concentrations  were  measured 
with  the  multi-probe  sampling  devices  described  in  Section  III. 

The  results  cf  the  tests  were  plotted  in  Figures  33  and  34  which 
show  the  percent  change  in  CO,  UHC  or  N0X  concentration  as  a function  of 
total  catalyst  length  for  various  catalyst  temperatures . All  of  the  curves 
had  their  origin  et  sero  concentration  change  since,  without  a catalyst 
present  in  the  chamber,  little  or  no  change  of  UHC,  CO  or  N0X  was  observed. 
The  curves  showing  CO  conversions  ss  a function  of  temperature  indicated 


that  a catalyst  bed  length  of  20  cm  (L/D  « 4)  was  required  for  902  conversion 
at  1200  I.  At  low  teanerstures.  the  curves  indicate  that  much  lonser  beds 


containing  similar  noble  metal  loading  are  required  for  high  CO  conversions. 
Similar  effects  are  plotted  in  Figure  34  and  show  UHC  and  N0X  concen- 
tration changes  as  a function  of  temperature  and  bed  length.  The  set  of 
curves  plotted  for  N0X  conversions  as  a function  of  temperature  shows 
the  effect  of  the  pre-combustor  equivalence  ratio.  As  can  be  seen,  the 
maximum  increase  in  N0X  concentration  is  observed  to  occur  in  the  temperature 
range  of  900-1000  K,  with  the  lowest  Increase  in  NOjj  concentration  occurring 
at  1200  K an-'  < temperatures  less  than  700  K.  The  pre-combustor  4>  was  near 
1.0  when  the  catalyst  bed  inlet  temperature  was  930  K. 

12.  THE  RESULTS  OF  A 20  HOUR  DURABILITY  TEST  OF  CATALYSTS  QF  AND  KQ 

After  reviewing  the  results  of  the  catalyst  screening  tests  which 

were  summarized  in  Table  VII,  two  of  the  most  effective  CO  and  UHC  oxidation 
catalysts  were  selected  for  a 20  hour  durability  test  at  1200  K.  The 
temperature  at  which  the  tests  were  conducted  was  chosen  to  accelerate 
catalyst  deactivation  and  thus  approximate  realistic  operation.  The 
catalysts  chosen  for  this  test  were  KQ  and  QF.  The  results  of  the  test  are 
plotted  in  Figures  35  and  36.  Total  accumulated  test  time  at  1200  K 
catalyst  inlet  temperature  were  plotted  against  the  percent  change  of  CO, 

UHC  and  NOjj  concentrations  which  were  observed  across  the  catalysts.  It 
should  be  noted  that  the  durability  test  was  conducted  by  running  the 
combustor  for  approximately  5 houra  a day  for  4 days.  Thus,  the  durability 
runs  were  a severe  test  of  catalyst  sensitivity  to  intermittent  operation, 
i.e., thermal  cycling.  Figure  35  shows  that  catalyst  QF  converted  94X  of 
the  hydrocarbons  and  81%  of  the  CO  at  the  beginning  of  the  test.  The 
catalyst  also  increased  the  NO  concentration  by  42%.  After  16.5  hours  of 
accumulated  test  time  at  1200  K,  the  UHC  and  CO  conversions  were  88  and  94%, 
respectively,  while  no  Increase  in  the  catalyst  inlet  NO x concentration 
occurred  at  this  time.  It  is  apparent  from  the  shape  of  the  NOx  data  points 
that  some  change  occurred  to  the  catalyst  which  may  have  selectively 
inhibited  the  conversion  of  nitrogeneoua  molecules  to  N0X.  The  sudden  drop 
in  CO  and  UHC  conversions  after  16.5  hours  was  due  to  the  lnadvert&nt 
destruction  of  the  catalyst.  This  occurred  as  a result  of  an  ignition 
delay  experienced  in  starting  the  pre-combustor  which  allowed  JP-4  to  be 
deposited  on  the  catalyst  surface.  Subsequent  ignition  of  the  pre-combustor 
led  to  the  generation  of  near  stoichiometric  gas  temperatures  on  the 
catalyst  surface.  Extensive  deformation  and  melting  of  the  metal  support 
resulted.  Upon  closer  inspection  of  the  catalyst  support  it  was  found  that  in 
tha  araa  immediately  surrounding  the  melted  zone,  the  alumina  wash  coat 
remained  Intact  and  no  separation  of  the  waeh  coat  from  the  metal  support 
was  evident.  Testing  of  catalyst  QF  was  discontinued  after  a total  of 
18.75  houra  at  1200  K. 

In  order  to  attempt  to  explain  the  gradual  decrease  in  the  percent 
change  in  N0y  concentration  observed  in  catalyst  QF,  tha  NO,  N02  and  NO* 
data  which  were  measured  during  every  teat,  were  plotted  in  Figure  37. 

Figure  37  shows  that  at  the  beginning  of  the  2 our  test  the  N02  concentration 
began  to  lncrer^e  to  about  50%  of  tha  initial  concentration  measured  st  the 
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HOGR  TEST  OF  CATALYST  QF  AT  1200  K 


TTGTO1  36:  TWENTY  HOUR  TEST  OF  CATALYST  KQ  AT  1200  K 


EFFECTS  OF  CATALYST  AGING  AT  1200  K ON  NOL  CONCENTRATION  ■CHANGE 
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catalyst  Inlet.  MO  and  NOx  concentration  changes  remained  fairly  constant 
at  55%.  In  the  subsequent  period,  after  7.5  hours,  the  change  in  NO,,  N02 
and  N0X  concentrations  relative  to  the  catalyst  bed  inlet  concentrations 
began  to  approach  zero.  When  no  change  in  the  NO,  NO2  or  NOx  concentrations 
was  observed  to  occur  across  the  catalyst,  typical  total  N0X  concentrations 
at  the  catalyst  inlet  were  20-25  ppm.  The  sudden  change  in  the  slopes  of 
the  curves  at  16.5  hours  was  due  to  the  destruction  of  the  catalyst. 

The  20  hour  CO,  UHC  and  N0X  test  data  for  catalyst  KQ  were 
plotted  in  Figure  36  which  showed  that  after  22  hours  of  accumulated  time 
it  1200  K,  the  hydrocarbon  conversions  decreased  from  94  to  67%  while  the 
CO  conversion*}  de crossed  from  90  to  53%.  Over  the  same  period,  the  NOx 
concent ration  increase  remained  fairly  constant  between  10  and  40%. 

From  " &"  comparison  Of  the  20-hour  test  data  of  catalysts  QF  and  KQ 

it  was  clear  that  the  activity  of  catalyst  KQ  began  to  decrease  rapidly 
after  12.5  hours,  but  the  catalyst  activity  stabilized  at  a new,  lower 
level  and  remained  fairly  constant  through  the  remainder  of  the  test. 
Catalyst  QF,  however,  did  not  show  any  indications  of  deactivation  for  UHC 
and  CO  conversions  at  the  end  of  16.5  hours,  but  changes  in  the  NOK 
conversion  characteristics  were  evident  throughout  the  entire  period. 
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13. 


METHODS  FOR  DETERMINING  COMBUSTION  EFFICIENCY  AND 
THE  EMISSION  INDEX  OF  EXHAUST  PRODUCTS 


All  of  the  experimental  studies  were  conducted  with  a hybrid 
catalytic  combustor,  which  consisted  of  a conventional  pie-combustion 
stage  followed  by  a catalytic  combustion  stage.  The  combustion  efficiencies 
and  amission  Indices  in  both  sections  of  the  combustor  were  calculated  from 


the  measurements  of  unburnnd  hydrocarbons,  00  and  NOx.  The  measured  gas 


temperatures  in  both  stages 
efficiencies. 


of  combustion  confirmed  the  calculated  combustion 


Tills  section  of  the  report  is  divided  info  three  parts  which 
describe  the  methods  used  for  the  calculation  of  coiiibusticm  efficiency, 
emission  indices,  and  checking  the  material  balances*. 


Kmiagfon  Index  of  CO.  UKC  and  NO^ 


The  emission  index,  El,  of  a caadmstiou  product  ie  defined  aa 
the  grams  of  the  measured  cowtltueut  relative  to  one  kg  of  £wl.  This 
definition  eliminates,  the  affects  of  dilution  of  the  products  by  air 


The  general  equation  used  to  define  Hi  la 
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where  the  aubscript,  i,  ia  either  CO,  CH4  or  N02.  In  the  calculations  for 
NOjj,  the  mole  fraction  of  NO  + N02  waa  used  with  the  molecular  weight  (MW)A 
of  N02  used  in  the  equation.  The  measured  mole  fraction  of  the  constituent 
is  denoted  by  X^.  Ihe  overall  air-fuel  ratio  (by  weight)  was  obtained  from 
the  measured  flow  rates.  The  molecular  weight  of  the  exhaust  gases, 

(MW) exhaust,  was  29  since  all  the  test  data  were  obtained  under  very  lean 
mixture  conditions. 


In  the  emission  Index  calculations  for  unburned  hydrocarbons , the 
molecular  weight  of  the  hydrocarbon  was  taken  as  16  since  methane  was  used 
to  calibrate  the  hydrocarbon  flame  ionization  detector  Instrument. 


b.  Combustion  Efficiency 


Combustion  efficiency  is  defined  as:  (21) 

°b  * IK-232  <EI)co  + (El)  ] 10*3  I 100 
'die re : n^  • combustion  efficiency 

B*i  " «»I*sion  Index  in  g/kg  fuel  for  exhaust  constituent  i. 


The  combustion  efficiencies  and  emission  indices  for  CO,  UHC 
and  NOx  (as  N02)  for  each  catalyst  tested  are  summarized  in  Appendix  m. 


Material  Balance  Calculations 


P«rcen*  carbon  in  the  combustion  gas  samples  as  a 
function  c£  equivalence  ratio,  <f>,  were  calculated  assuming  that  the 
unturned  hydrocarbons  were  expressed  as  methane.  Derivations  of  these 
equations  can  be  found  in  a AFAPL-TR-72-80  (15). 


X Carbon  - ~-r 

a $ y*  4.76  (4  + n> 


where:  n • hydrogen/carbou  for  J?-4  * 1.9 


vciuma  percent  oxygen  was  calculated  from  ihe" following 


X <ky$ec  » (j  + a> 

n 1./6  (4  +e) 


The  aaterlal  balance  equations  used  to  ccnpute  the  carbon  balance  and  oxygen 
balance  are : 


Z Carbon  ■ 


1 Oxygen 


(1.9  <t>  + 28.04) 
4 $ 


x Measured  mole  (5) 

fraction  of  carbon 
containing  compounds 


32.1  <p  4-  (0.321  $ + 4.76)  x measured  (6) 

mole 
fraction 
of  oxygen 
canpounds 


- 79  - 


SECTION  V 


DISCUSSION 


In  the  preceding  sections,  it  was  shovn  that  when  the  pre-combustor 
was  operated  fuel-rich  at  an  equivalence  ratio  (d)  of  1.5,  and  an  overall  d 
of  0.3,  then  about  20-30  ppm  NOx  were  produced.  Essentially  no  thermal  N0X 
is  expected  to  be  generated  according  to  the  Zeldovlch  Mechanism  (22)  as 
indicated  from  calculations  of  combustion  at  fuel-rich  and  fuel-lean 
conditions, and  illustrated  in  Figure  38.  N0„  produced  from  the  rich 

combustion  of  nitrogen-free  fuels  is  not  predictable  from  the  Zeldovlch 
Mechanism  (22) . Fennimore  (23)  postulated  that  a significant  fraction  of  the 
NO^.  produced  under  stoichiometric  to  rich  conditions  is  a result  of  the 
oxidation  of  carbon  nitrogen  compounds  produced  under  air  deficient  combustion, 
and  he  called  this  source  "Prompt  N0X".  The  significant  contribution  of  "Prompt 
NO*"  to  total  NOx  in  gas  turbines  under  stoichiometric  and  fuel-rich  operating 
conditions  has  been  calculated  by  Shaw  (20) . Equilibrium  calculations  showed 
that  under  fuel  rich  conditions  (d  “ 1.5)  the  formation  of  HH3  and  HCN  should 
be  very  small  (5) . However,  because  of  the  observed  increase  in  N0X  concen- 
tration across  the  catalytic  stage  of  the  HCC,  it  was  presumed  that  the 
production  of  klnetically  controlled  nitrogeneous  molecules,  such  as  HCN  and 
NH3,  were  being  catalytlcally  converted  to  oxides  cf  nitrogen. 

The  level  of  exhaust  emissions  at  the  hybrid  combustor  exit  was, 
in  most  cases,  below  the  EPA  specifications  for  subsonic  turbofan  or  turbojet 
aircraft  engines  manufactured  on  or  after  January  1,  1981  (1).  Table  XI 
compares  the  EPA  limitations  on  emissions  (1)  with  the  average  effluents  from 
the  HCC  durability  tests  of  catalysts  QF  and  KQ.  The  emissions  from  the  HCC 
were  corrected  to  the  EPAP  units  (102  mg/N’h*cycle  - lbm/lbf ’h* cycle)  using 
the  approximate  procedure  suggested  by  Gott  and  Bastress  (2%) . In  order  to 
estiamte  the  HCC  emissions  over  the  LT0  cycle,  it  was  assumed  that  the 
emission  indices  at  full  power  (pressure  ratio  * 25  per  Table  II)  would  be 
the  same  as  those  at  idle  (pressure  ratio  ■ 3 per  Table  II).  This  assumption 
may  be  rationalized  by  considering  that  the  difference  in  emissions  between 
idle  and  full  power  operation  is  due  to  dilution  of  the  HCC  (d  * 0.3)  effluent. 
These  oversimplified  calculations  are  only  Intended  to  provide  an  initial  esti- 
mate of  the  EPAP  values.  Clearly,  data  at  both  idle  and  full  power  operation 
would  be  needed  to  refine  the  estimates  presented  in  Table  XI.  Only  UHC 
emissions  specifications  were  difficult  to  meet  using  the  HCC  concept.  Never- 
theless, Catalyst  QF  could  meet  the  1979  new  aircraft  affluent  standard. 

An  alternate  calculation  using  the  data  presented  by  Roberts,  et  al.  , 
(25)  for  a conventional  JT  8D-17  engine  normalized  to  idle  operation  was 
carried  out.  The  HCC  emissions  data  waa  scaled  in  proportion  to  the  JT  8D-17 
data.  The  refults  of  this  calculation  are  summarized  in  Table  XI.  It  was 
found  In  this  calculation  that  only  NO^  amissions  did  not  meet  the  1981 
standards.  The  two  estimated  EPAP  parameters  for  each  of  the  pollutants  tend 
to  bracket  a realistic  value.  The  Gott  and  Bastrees  values  emphasize  the 


idle  emissions,  thus  indicating  higher  v&Zues  for  CO  and  UHC  emissions 
than  would  be  expected  over  the  LTO  cycle.  The  Roberts,  et  al.  data,  on 
the  otbsr  hand,  eaphasized  power  operation  thereby  overestimating  the  N0X 
emissions.  Thus,  assuming  that  realistic  EPAP  values  lie  between  the 
limits  presented,  one  could  see  that  the  HCC  method  of  operating  an 
aircraft  combustor  shows  promise  of  meeting  the  1981  new  aircraft  pollution 
limitations . 


TABLE  XI 

COMPARISON  OF  HCC  EFFLUENTS  WITH  EPA 
1981  NEW  AIRCRAFT  LIMITATIONS 


EPA  Limit 
nm/N*h‘ cycle 


HCC  Catalyst  QF 
ag/N‘h‘ cycle 
Gotta  Roberts** 


HCC  Catalyst  KQ 

“g/N'h* cycle 

Gott*  Roberta^ 


UHC 

41c 

50 

15 

263 

79 

CO 

439 

111 

35 

430 

137 

NO* 

306 

212 

407 

273 

526 

* Using  the  modified  EPA  parameter  suggested  by  Gott  and  Bastress  (24)  and 
emissions  data  averaged  over  the  durability  runs  at  1200  K. 

0 Using  an  EPA  parameter  scaled  from  JT  8D-17  data  (25)  and  emissions  data 
averaged  over  the  durability  runs  at  1200  K. 

c The  UHC  limit  for  1979  new  aircraft  is  82  mg/N*h‘cycle  (1)  and  the  1979 
limits  for  the  other  pollutants  are  the  same  as  the  1981  limits. 


From  the  emissions  data  obtained  in  the  20  h durability  tests  of  the 
two  noble  metal  catalysts  at  1200  K,  it  may  be  inferred  that  the  sensitivity 
of  catalyst  QF  to  the  reactions  responsible  for  the  conversion  of  NH3  end 
HCN  to  llOg  was  affected  by  catalyst  conditioning  at  1200  K.  It 
should  also  be  noted  that  pollutants  ware  minimised  at  an  overall  equivalence 
ratio  of  0.3,  or  correspondingly  at  a catalyst  inlet  temperature  of  1200  K. 
This  equivalence  ratio  generally  corresponds  to  full  power  operation  (take- 
off), but  it  was  assumed  that  combustor  by-pass  air  would  dilute  the  catalyst 
effluent  in  an  actual  engine  dealgn  to  tbs  appropriate • equivalence  ratio  of 
0.14  for  idle  conditions. 

The  conversion  of  nitrogenaous  molecules  other  than  N0X  compounds 
in  the  Thermo  Electron  Corp.  chemiluminescent  analyser  used  during  the  program 
has  been  shown  by  Sawyer  (26)  to  be  very  inefficient,  especially  if  a 
stainless  steal  convartar  is  utilised,  as  was  the  case  in  this  study.  The 
catalysts  tested  In  the  program  wars  wore  efficient  than  tilt  stainless  ateel 
convertor  in  the  Instrument.  Sawyer's  results  indicated  that  90Z  of  the  NH3 
was  converted  to  NO*  over  e platinum  catalyst  at  1270  K whan  the  mole  concen- 
tration of  O2  was  in  excess  of  1Z.  Under  similar  conditions,  42Z  of  the  HCN 
was  converted  to  «°x- 


NO*  EMISSION  INDEX,  mg  NO*  <A 
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FIGURE  38:  HO*  EQUILIBRIUM  IN  JF-4  COMBUSTION 
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The  nitrogen  content  of  JP-4  i*  in  the  range  of  5-20  ppm  (??) 
and  the  sulfur  concentration  of  the  teat  fuel  was  analyzed  to  be  535  ppm. 

No  attempt  was  made  to  maaaure  SO2  and  SO3  emissions,  because  at  high 
combustion  temperatures  equilibrium  does  not  favor  the  production  of  SO3. 

The  catalytic  conversion  of  nltrogeneous  molecules  to  oxides  of 
nitrogen  observed  in  this  study  indicates  that  the  utilization  of  high 
nitrogen  content  fuels  such  as  coal  or  shale  derived  distillates*  in 
combustors  equipped  with  a catalytic  stage*  may  encounter  problems  witn 
high  N0X  emissions.  Also*  preliminary  work  in  various  laboratories  have 
indicated  that  staged  combustion  may  be  effective  in  controlling  N0X  from 
fuel  bound  nitrogen  (28) . -Along  this  line,  Martin  (29)  showed  that  higher 
temperature  or  longer  residence  time,  or  both,  tend  to  reduce  the  concen- 
tration of  NOx  precursors  at  i - 1.4.  Thus,  high  pressure  ratio  gas  turbine 
engines*  operated  in  the  HCC  mode*  could  maintain  low  N0X  emissions  at  full 
power  as  well  as  idle.  This  data  provides  some  justification  for  the 
assumptions  used  in  calculating  the  KPAP  values  in  Table  XI.  Thus,  hybrid 
catalytic  combustion  as  a special  form  of  ataged  combustion,  may  have  an 
Inherent  advantage  for  controlling  both  thermal  and  fuel  derived  N0X. 

An  attempt  to  measure  the  NHj  and  KCN  concentrations  at  the  inlet 
and  outlet  of  the  catalyst  stage  of  the  hybrid  combustor  was  unsuccessful. 

The  utilization  of  standard  specific  electrode  analytical  techniques  did  not 
indicate  the  presence  of  any  NH3  or  HCN.  It  was  thought  that  because  both 
these  compounds  can  be  readily  adsorbed  on  the  walls  of  the  gas  sample  lines, 
they  never  reached  the  aqueous  solutions  through  which  they  were  to  be 
bubbled.  If  reliable  HCN  and  NH3  concentration  measurements  in  the  range  of 
1-20  ppm  are  to  be  aside,  Improved  techniques  for  sampling  and  analysis  must 
be  developed  (7) . 

Moet  of  the  data  on  emissions  was  presented  on  e relative  basis  to 
avoid  the  problems  associated  with  fluctuations  in  amissions  data.  It  is 
hslpful  to  understand  the  rang®  of  these  fluctuations.  Table  XII  presents 
e comparison  of  the  pre-combustor  data  presented  in  Table  III  with  the  average 
data  obtained  from  the  durability  runs  with  Catalysts  QF  and  KQ.  It 
should  be  noted  that  over  the  two-20  hour  periods,  the  average  pre- 
combustor effluents  (input  to  the  catalysts)  were  almost  Identical.  In 
comparing  these  average  inputs  to  the  catalyst  with  the  inputs  measured 
whan  the  pre-combustor  was  developed*  one  can  cea  that  the  average  measured 
emissions  concentrations  for  UHC  and  N0X  actually  fell  between  condition  1 
and  condition  2.  TVud  CO  emissions,  on  the  other  hand,  were  considerably 
lower  during  the  catalyst  testing  period  than  would  have  been  predicted  from 
the  original  <as»l<K  slows  map. 
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TABLE  XII 


EMISSIONS  PROM  HYBRID  COMBUSTOR 


Pre-Combustor 

Condition 

1 

2 

1 

1 

Catalyst 

None 

None 

KQ 

QF 

Catalyst  Inlet  Temp . , K 

1067 

1076 

1200 

1200 

Emission  Indices , g/kg 

In  Out 

• In  Out 

In 

Out 

In 

Out 

CO 

36.35  - 

17.56  - 

7.19 

3.68 

6.75 

0.949 

UHC 

14.13  - 

1.99  - 

7.32 

2.25 

7.34 

0.427 

NO* 

1.39  - 

2.38  - 

1.69 

2.34 

1.69 

1.813 

One  of  the  most  significant  problems  encountered  during  the 
course  of  the  program  hoc  the  destruction  of  some  catalysts  when  an 
ignition  delay  of  the  pre-combustor  occurred  as  a result  of  electrical 
Ignitor  failures.  The  unburned  fuel  which  was  adsorbed  on  the  catalyst 
surface  during  the  brief  Ignition  lag  time,  eventually  was  combusted  under 
near  stoichiometric  conditions.  The  fact  that  catalyst  destruction 
occurred  when  cordierlte  or  metal  catalyst  supports  were  utilized  indicated 
that  the  problem  cannot  be  satisfactorily  handled  by  merely  altering  the 
thermal  conductivity  of  the  support  material.  This  problem  was  never 
experienced  with  silicon  carbide  supported  cetalyats.  Although  the  number 
ox  catalysts  destroyed  via  the  ignition  delay  of  the  pre-catalyst  waa 
small,  the  dlsosterous  results  that  occurred  require  that  a solution  to 
this  problem  be  found  if  reliable  hybrid  catalytic  combustors  are  to  be 
developed.  Conventional  gaa  turbine  combustors  occasionally  experience 
ignition  delay  problems  at  start-up,  either  due  to  cold  climactic  conditions 
or  fouled  ignitors,  but  bscauss  the  turbine  engine  components  are  good 
heat-sinks  and  made  of  nan-porous  materials „ no  deleterious  effects  result. 


One  of  the  potential  solutions  to  this  problem  in  hybrid  catalytic 
eombu^tore  consists  of  fabricating  the  inlet  face  of  the  catalyst  bed  from  a 
support  materiel  that  1?  capable  of  withstanding  the  high  flame  temperatures 


that  result  from  the  Ignition  delay  of  the  pre-combustor.  Silicon  carbide 
or  silicon  nitride  catalyst  supports  are  available  in  high  surf ace/ volume 
geometries  that  have  good  wash  coat  adhesion  properties.  Since  these  support 
materials  are  expensive  compared  to  cordlerite  or  metal,  only  a short 
segment  at  the  entrance  to  the  catalyst  bed  would  be  made  of  refractory 
material.  The  remainder  of  the  catalyst  bed  support  could  be  fabricated 
from  the  less  expensive  materials.  Another  possible  solution  would  entail 
automatically  purging  the  catalyst  after  each  failure  to  ignite  the  fuel 
in  the  prc-combustor . 

The  decrease  in  catalytic  activity  for  CO  and  UHC  conversions 
via  wash  coat  sintering,  noble  metal  crystallization  and  deleterious  reactions 
between  noble  metals  and  some  base  metal  oxides  have  been  observed  during 
the  course  of  this  program.  The  need  for  more  thermally  stable  wash  coat 
materials  and  noble  metal  formulations  that  do  not  crystallize  is  apparent. 
Also,  the  variations  of  support  geometry  available  for  high  CO  and  UHC 
conversions,  low  pressure-drop,  and  high  velocity  applications  was 
limited  to  three  configurations:  0.16  cm  squares,  0.16  cm  x 0.32  cm 

rectangles,  and  the  Johnson-Mat they.  Ltd.  thin-wall  corrugated  metal 
support. 


Group  VIII  metals  consisting  of  Pt-Pd  combinations  or  Pd  on 
stabilized  AI2O3  wash  coats  were  more  effective  CO  and  UHC  oxidation 
catalysts  than  either  mixtures  of  rare-earth  oxides  or  base  metal  oxides. 

An  iridium-palladium  catalyst  was  not  as  effective  in  converting  CO  and 
UHC  as  Pd  or  Pt  by  themselves.  Cobalt  oxide  did  not  improve  the  activity 
of  Zr02  wash  coated  cordlerite  impregnated  with  palladium.  The  noble 
metal  (Pt  or  Pd)  promoted-base  metal  oxide  catalysts  had  good  initial 
activities  for  CO  and  UHC  conversions,  but  because  of  high  temperature 
reactions  between  CuO  and  Pd,  catalyst  deactivation  occurred  after  only 
70  mlnuteu  of  operation  at  1200  K.  Addition  of  NiO  to  a S102  wash  coat 
impregnated  with  1.31  kg/m^  of  a 23/1  wt  ratio  of  Pt/Rh  did  not  produce 
acceptable  CO  or  UHC  conversions  compared  to  noble  metals  on  AI2O3. 

The  most  satisfactory  catalyst  evaluated  consisted  of  a 
corrugated  and  rolled  metal  monolith  that  was  wash  coated  with  very  stable 
AI2O3  and  impregnated  with  Pt.  Of  the  two  catalysts  tested  for  a 20-hour 
period  at  1200  K,  the  metal  supported  catalyst  showed  no  signs  of  deacti- 
vation for  CO  or  UHC  conversions,  but  may  have  become  conditioned  to 
prevent  the  conversion  of  nitrogen  containing  compounds  such  as  NH3  or  HCN 
to  N0x.  This  result  requires  careful  verification  since  it  indicated  that 
the  catalyst  could  be  made  selective,  to  either  react  the  nitrogen  com- 
pounds produced  in  the  primary  zone  to  molecular  nitrogen,  or  allow  them  to 
pass  unreacted.  Much  more  work  is  required  in  this  area  in  order  to 
hypothesise  a mechanism  that  can  account  for  the  observed  catalyst  behavior. 

Although  the  results  p resent ^ here  support  the  technical  feasi- 
bility of  catalytic  combustion  for  aircraft  turbine  engines,  there  remain 
many  practical  problems  which  must  be  considered.  The  most  significant 
problems  Involve  the  physical  durability  of  the  catalyst  and  th«j  transient 
rerponse  in  flight.  Clearly,  a catalyst  that  could  fracture  or  spahl  in 
flight,  could  damage  the  turbine  and  endanger  the  flight  crew.  Other 
considerations  associated  with  engine  response  and  operability  in  flight 
must  be  carefully  analyzed. 
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SECTION  VI 


DESIGN  OF  7.6  CM  DIAMETER  COMBUSTORS 


1 


1 


1 


t 


The  design  criteria  and  fabrication  details  of  two  7.6  an  hybrid 
catalytic  combustors  to  be  delivered  to  Wright  Patterson  AFB  are  described 
in  this  section.  Also,  the  required  documentation  for  the  system  safety 
analysis  is  provided  here. 

1.  DESIGN  AND  FABRICATION  OF  COMBUSTORS 
FOR  LARGE  SCALE  TESTINC 

One  of  the  program's  tasks  was  to  design  and  fabricate  two, 

7.6  cm  diameter  hybrid  catalytic  combustors  to  be  tested  in  the 
combustion  facility  of  the  Aero  Propulsion  Laboratory  at  Wright 
Patterson  Air  Force  Base.  The  only  difference  between  the  two  combustors 
is  that  different  catalysts  are  utilized  in  each  one.  Based  upon  the 
results  of  the  catalyst  screening  tests  and  the  20  hour  durability  teats, 
catalysts  KQ  and  QF  which  are  described  in  Table  VII  were  selected.  Since 
the  pressure  drop  associated  with  the  support  geometry  utilized  in  catalyst 
KQ  was  excessive,  the  support  geometry  will  be  changed  to  the  General 
Refractories  Company's  0.16  cm  square  hole  configuration  which  was  shown 
to  have  acceptable  pressure  drop  properties.  The  support  formerly  used 
in  catalyst  KQ  was  the  W.  R.  Grace  Company's  Poramic*  cordiarite  that 
had  a 0.127  cm  Irregular  rectangle  geometry.  Because  of  the  nature  of 
the  design  of  the  Poramic  support,  excessive  pressure  drops  were  observed  at 
reference  velocities  in  excess  of  20  m/s.  The  General  Refractories  Company's 
cordierife  support  will  be  wash  coated  with  stabilized  alumina  and  impreg- 
nated with  3.3  kg/*3  of  palladium  by  W.  R.  Grace  Company. 

The  second  combustor  will  be  equipped  with  the  corrugated  metal 
supported  catalyst  designated  in  Table  VII  as  QF.  The  only  change  that 
will  be  made  to  this  catalyst  consists  of  the  addition  of  an  equal  weight 
of  palladium  to  platinum,  so  that  the  total  noble  metal  loading  will  be 
5.3  kg/a3.  The  catalyst  is  supplied  by  the  Johns on-Mat they  Company,  Ltd. 
of  Reading,  England. 

Both  types  of  catalysts  will  be  supplied  in  3.8  cm  long  segments 
which  will  be  mounted  into  Hastelloy-X  cylinders  with  a 3.5  cm  space  between 
adjacent  segments.  The  number  of  segments  inserted  into  each  Hastelloy-X 
cylinder  will  vary  depending  upon  the  support  g coats try  of  the  catalyst, 
but  the  total  support  thickness  of  each  assembly  will  not  exceed  20  cm. 

The  Hastelloy-X  cylinder  containing  the  catalysts  will  be  installed  into 
the  catalyst  chamber  shown  in  Figure  39.  A photograph  of  the  components 
of  the  7.6  cm  HOC  is  shown  in  Figure  40.  The  design  of  the  entire  assembly 
is  such  that  the  hybrid  catalytic  combustor  can  be  tested  within  the  Aero 
Propulsion  Laboratory's  tubular  test  facility. 
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FIGURE  39 


FIGURE  40:  PHOTOGRAPH  OF  HCC  COMPONENTS 


The  pre-combustor  was  designed  for  a total  air  flow  rate  of  300 
g/s.  Other  important  design  criteria  were:  0.3  MPa  combustor  pressure, 

400  K ai'.r  preheat,  and  reference  velocity  of  25  m/s  at  the  catalyst  chamber 
entrance.  The  geometry  of  the  5.08  cm  diameter  pre-combustor  utilized 
during  the  catalyst  screening  phase  of  the  program  has  been  preserved 
in  the  7.6  cm  diameter  combustor  design.  Since  the  air  flow  rates  in  the 
5.08  cm  combustor  were  140  g/s,  the  areas  of  the  orifices  and  annuli  In  the 
5.08  cm  combustor  were  doubled  in  the  7.6  cm  combustor  design.  Thus,  similar 
air  velocities  will  be  maintained  at  the  critical  points  in  the  large  com- 
bustor. The  flow  characteristics  of  the  7.6  cm  combustor,  except  for 
higher  air  flow  rates,  are  similar  to  the  5.08  cm  combustors,  and  are 
summarized  in  Section  III. 

The  materials  of  construction  were  Type  316  stainless  steel  and 
Hastelloy-X  which  was  utilized  exclusively  in  the  pre-combustor  can  and 
the  catalyst  cylinder. 

The  pre-combustor  was  designed  to  be  capable  of  operating  over 
an  equivalence  ratio  in  the  range  of  0.1-0. 3.  Overall  combustion  effi- 
ciencies are  expected  to  be  in  excess  of  99. 52  over  much  of  the  equivalence 
ratio  range,  while  emissions  are  expected  to  be  within  the  range  to  meet  the 
1981  EPA  specifications  for  new  aircraft  engines. 

2.  PRELIMINARY  HAZARDS  LIST 

The  awareness  of  possible  dangerous  situations  that  may  arise 
during  the  operation  of  the  hybrid  catalytic  combustor  la  important  to 
the  personnel  who  will  be  conducting  the  combustion  tests  at  AFAPL.  In 
accordance  with  the  contractual  requirements  and  MIL-STD-882, the  following 
list  of  possible  hazardous  situations  was  prepared  after  reviewing  the  20 
areas  of  concert,  ir,  paragraph  5.8.2  of  MIL-STD-882. 

1.  System  environmental  constraints 

2.  Pressure  vessels  and  plumbing 

3.  Safe  operation  and  maintenance  of  the  system 

4.  Fire  ignition  and  propagation  sources 

5.  Resistance  to  shock,  damage 

The  fifteen  remaining  topics  contained  In  the  MIL-STD-882  do  not 
pertein  to  the  type  of  hardware  represented  by  the  7.6  cm  diameter  combustor 
delivered  to  AFAPL.  A brief  qualitative  discussion  of  the  five  topics  of 
direct  concern  to  the  eefe  operation  and  maintenance  of  the  combustor  is 
given  below. 

a.  System  Environmental  Constraints 

The  combustor  consists  of  two  major  components:  the  pre-combustor 

and  tho  catalytic  combustor.  The  materials  of  construction  are  type  304  and 
316  welded  stainless  steel.  Schedule  40  pipe  is  used  for  the  outer  pressure 


« 
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bearing  walls  of  the  pre-ccmbustor  and  the  catalytic  combustor.  Mating 
flanges  were  1.1  HTa  (ISO#)  pattern.  The  service  temperature  for  the  forged, 
type  304  stainless  steel  flanges  is  810  K at  379  kPa,  and  the  continuous 
working  pressure  of  the  7.6  cm  pipe  at  810  K is  greater  than  5.0  MPa.  In 
order  to  preserve  the  pressure  rating  of  the  system  at  high  temperatures 
(air  preheat),  the  yssskete  should  be  of  the  Flexltalllc-type  where  asbestos 
and  stainless  ste&l  ere  the  materials  of  construction. 

b»  Pressure  Vessels  and  Plumbina 

Although  there  are  no  pressure  vessels  supplied  with  the  system, 
a point  of  concern  is  the  possible  leakage  of  fuel  from  the  fuel  supply 
tube  which  is  located  at  the  combustor  inlet.  The  short,  1.57  rad  (90*) 
bend,  type  304  stainless  tube  has  a hot  working  pressure  far  in  excess  of 
the  2.0  MPa  recommended  fuel  injection  pressure.  However,  if  the  awagelok 
tube  nuts  become  damaged  from  mishandling , a fuel  leak  could  occur  which 
would  result  in  high  unburned  hydrocarbon  concentrations  in  the  combustor 
due  to  poor  mixing.  The  fuel  line  connections  should  be  carefully  checked 
after  each  run  to  assure  that  no  fuel  leaka  have  occurred. 


c.  Safe  Operation  and  Maintenance  of  the  System 

The  only  components  within  the  combustor  that  may  require 
occasional  replacement  are  the  pressure  atomizing  fuel  spray  nozzle  and 
the  ignition  electrode.  Either  of  these  components  may  become  fouled  with 
carbonaceous  deposits  after  long  test  periods  , and  shoul  be  inspected  fre- 
quently to  prevent  premature  failure.  If  the  aluminum  oxide  Insulator  of 
the  Ignitor  becosws  fouled  with  carbon.  It  should  be  removed  froai  the 
combustor  and  soaked  in  chromic  acid  for  a period  of  about  6-8  hours. 

The  pressure  atomizing  fuel  spray  nozzle  contains  a particulate 
filter  which  should  be  Inspected  after  every  10  hours  of  operation.  The 
screen  or  sintered  metal  filter  elament  Is  easily  cleaned  by  soaking  It  In  a 
hydrocarbon  solvent.  If  the  filter  element  becomes  badly  plugged,  it  Is 
wise  to  replace  the  element  to  prevent  a high  fuel  line  pressure  drop. 

d.  Fire  Ignition  and  Propagation  Sources 

During  normal  combustor  operations  there  are  no  problems  antici- 
pated with  "flashback"  within  the  combustor.  However,  as  previously  stated, 
if  a fuel  leak  should  develop  in  the  fuel  supply  lins,  a high  concentration 
of  unburned  hydrocarbons  in  the  combustion  products  stream  could  result. 

e.  Resistance  to  Shock  Damaaa 

Sines  the  catalyst  support  ms t trial  is  mads  of  cordiarlta,  which 
la  a rather  fragile  ceramic  material  compared  to  tha  other  materials  of 
construction  used  in  the  combustor,  it  must  bs  handled  with  greet  cere. 

The  cordlerlte  supported  catalyst  is  mounted  inside  a Hastalloy-X  tubs 
which  will  prevent  any  physical  deaege  to  the  catalyst  during  normal  handling. 
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In  summary,  there  are  no  other  hazardous  conditions  which  are 
expected  to  occur  during  the  operation  of  the  combustor,  but  in  order  to 
prevent  the  overheating  of  the  conbustor  components  and  catalyst, 
sufficient  teaiperature  data  should  be  made  available  from  various  poiut* 
within  the  conbustor  to  assure  that  component  failure  will  not  occur. 


SECTION  VII 


CONCLUSIONS  AND  RECOMMENDATIONS 


The  feasibility  of  the  Hybrid  Catalytic  Combustor  operating  in 
the  aircraft  gas  turbine  engine  "idle-mode"  has  been  demonstrated.  The 
results  shov  that  the  utilization  of  this  concept  makes  it  possible  tc 
obtain  heat  release  rates  on  the  order  of  1 kJ/Pa's*?^,  and  CO  and  NO* 
emissions  below  the  EPA  stanc'  rds  for  subsonic  turbofan  and  turbojet 
aircraft  engines  manufactured  on  or  after  January  1,  1981  (1 ) . UHC 
emissions  from  the  HCC  exceeded  the  standard  slightly  using  the  method  of 
calculation  developed  by  Gott  and  Bastress  (24) , while  NO  emissions 
exceeded  the  standards  using  an  alternate  method  of  calculations  based  on 
data  presented  by  Roberts,  et  »l. , (25) . The  problems  usually  associated 
with  catalytic  combustors  such  as  c«ld-starts  and  prevaporization  and  pre- 
mixing  of  the  fuel  were  overcome  by  the  utilization  of  vhe  hybrid  concept 
since,  during  the  pre-combustion  mode,  the  device  was  operated  essentially 
as  a conventional  gas  turbine  cannular  combustor. 

The  combustion  efficiencies  measured  during  hybrid  operation 
were  always  greater  than  982  over  the  entire  range  of  fuel-air  mixtures 
sixties,  and  sure  specifically,  greater  than  99.52  in  the  range  of  mixtures 
that  simulated  engine  idle  or  high  power  conditions. 

The  experimental  rer-uKs  indicated  that  the  technique  of  staged 
combustion  can  be  usad  la  a g<*s  turbine  combustor  to  prevent  the  formation 
of  thermally  generated  NO, . The  catalytic  section  of  the  combustor 
apparently  converted  the  small  amounts  of  HCN  and  NH3  produced  during  rich 
c estimation  in  the  pre-combustor  to  acceptable  concentrations  of  NO*.  Pre- 
conditioning of  an  active  catalyst  may  have  Influenced  the  reactions  which 
are  believed  responsible  for  the  conversion  of  nltrogeneous  specie*  to  *°x- 

The  durability  of  the  catalyst  wa3  observed  to  be  sensitive  to 
the  degree  of  pre-combustion  oil  JP-4,  as  evidenced  by  the  thermal  deformation 
of  the  catalyst  support  when  unburned  fuel  resulting  from  an  ignition  delay 
of  the  pre-burner  was  adsorbed  on  the  catalyat  surface  and  subsequently 
oxidised  undr  near-stoichiometric  conditions.  This  problem  nay  be  elimi- 
nated by  the  use  of  a fully  reliable  pre-combustor  electrical  ignitor, 
or  by  the  insertion  of  a silicon  carbide  or  silicon  nitride  catalyst  support 
at  the  entrance  to  the  catalyst  bed  aa  a scavenger  and  ? for  the 
actual  catalyst.  A review  of  the  test  data  indicated  that  more  thermally 
stable  catalyst  wash  coat  materials  and  catalytic  metal  preparation*)  will 
be  required  if  the  loss  of  catalytic  activity  for  CO  and  UHC  conversions 
is  to  ba  lessened  for  operating  temperatures  in  axcese  of  1200  K. 

The  combustion  of  high  nitrogen  content  fuels,  i.e.,  distillate* 
from  coal  or  shale  (27) , should  be  evaluated  in  the  hybrid  catalytic  com- 
bustor since  the  available  data  indicate  that  lov  NO  emissions  may  be 
possible  by  suitable  catalyst  pre-conditioning  and  staged  combustion. 

In  the  future,  any  monolithic  catalyst  support  development  efforts 
should  also  Include  materials  such  es  silicon  carbide,  silicon  nitride, 
metal  foils  or  other  ref rectory- type  materials  that  have  beao  shown  to  bs 
capable  of  high  temperature  operation  with  good  wash  coat  adhesion. 


- 92  - 


■WW— WHW*' 


A a a result  of  this  research,  it  appears  that  an  efficient,  low 
emissions  hybrid  catalytic  combustor  can  be  developed  to  operate  over  the 
entire  range  of  gas  turbine  power  settings  from  idle,  to  full  power.  It 
should  be  noted  that  the  HCC  approach  is  not  limited  to  idle  operation, 
but  can  Indeed  operate  effectively  at  full  power  as  demonstrated  by 
operating  the  combustor  at  4 ■ 0.3.  No  attempt  was  made  to  determine  how 
an  angina  ualng  a HCC  syatem  would  operate  over  the  LTD  cycle.  The 
feasibility  of  using  HCC  for  idle  operation,  followed  by  an  all  catalytic 
high  power  mode,  1 a currently  being  considered  by  the  Air  Force  (30).  It 
must  be  emphasized  that  actual  engine  tests  must  be  conducted  to  fully 
assess  the  feasibility  of  the  HCC  concept. 
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APPENDIX  I 


DESCRIPTION  OF  SUPPORT  GEOMETRY  AND  MATERIALS 


This  appendix  is  a summary  of  required  design  information  con-' 
cerning  the  physical  characteristics  of  monolithic  catalyst  supports. 

Each  support  geometry  is  identified  with  a capital  letter  and  corresponds 
to  the  support  configuration  found  in  Table  VII  of  the  text.  All  of  the 
information  was  obtained  from  the  manufacturer  of  the  support  material. 


Table  XIII 


Manufacturer:  General  Refractories  Co.,  Philadelphia,  Pennsylvania 

Support  Material:  Cordierite,  Versagrid,  (2  MgO  • 2 Al^O^  * ■* 


(Identification  in  Table  VII) 

C 

B 

E 

_G 

F 

Support  GeosKtry 

Round 

Round 

Square 

Triangular 

Rectangle 

Cell  size  (an)  , 

1.6 

3.2 

1.6 

1.6 

1.6  x 3.2 

Wall  thickness  (mm) 

0.28 

0.30 

0.28 

0.28 

0.28 

Frontal  Open  Area  (Z) 

67 

78 

73 

65 

79 

Holes/cm2  _ 

33.5 

9.8 

34.9 

42.3 

16.4 

Surface/Volume  (*  /»  ) 

1701 

985 

1937 

2473 

1537 

Maximum  use  temp.  ( X) 

1750 

1750 

1750 

1750 

1750 

2 

Compressive  Strength  (kg/cm  ) 

• Parallel  to  cell  direction 

281 

116 

232 

197 

186 

• Perpendicular  to  cell 
direction 

17.6 

14.1 

52.7 

17.6 

26.4 

Table  XIV 


Manufacturer!  W.  R.  Grace  & Co.,  Research  Division,  Columbia,  Maryland 

Support  Material:  Poramic^  49,  50%  Cordierite  with  20%  Mullite, 

5 Z a-Al^O^  and  25%  non-crystalline. 


(Identification  in  Table  VII) 

Support  Geometry 

Cell  size  (mm) 

Wall  thickness  (am) 

Frontal  Open  Area  (Z) 

Holes /cm2 

Surface /Volume  (m  /ar  ) 
Maximum  use  temp.  ( K) 

2 

Compressive  Strength  (kg/cm  ) 

• Parallel  to  cell 

direction 

• Perpendicular  to  cell 

direction 


Poramic 
)0  (square) 


Poramic 
)0  (square) 


Poramic  (Rectangle) 

Double  - Diacanol 


1.52 

1.27 

4.76 

0.30 

0.25 

0.35 

69 

64 

75 

45 

62 

18 

2109 

2370 

— 

1750 

1750 

1750 

196 

84 

— 

28 

13 

Table  XV 

Manufacturer:  Norton  Industrial  Ceramics  Division,  Worcester,  Massachusetts 

Support  Material;  9 9+%  Silicon  Carbide  (Spectramic^^) 


(Identification  in  Table  VII) 
Support  Geometry 


Gs.ll  size  (mm) 

Wall  thickness  (am) 

Frontal  Open  Area  (Z) 

Holes /cm2 

Surface /Vo luma  (ar/aJ) 

Maximum  use  tamp.  ( K) 

2 

Compreeaiw  Strength  (kg/caa  ) 

a Parallel  to  cell  direction 
e Perpendicular  to  cell  direction 


D 

Round 

3.2 

<0.3 

70 

11 

1100 

1920 
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Table  XVI 


Manufacturer:  Nippon  Sealol  Co.,  Ltd.  (Pure  Carbon  Co. 

St.  Mary* 8,  Pennsylvania) 


Support  Material:  Silicon  Carbide 

(Identification  in  Table  VII) 

Support  Geometry 

Cell  size  (men) 

Wall  thickness  (mo) 

Frontal  Open  Area  (2) 

Holes /co2 

Surface /Volume 
Maximum  use  temp.  ( K) 

2 

Compressive  Strength  (kg/cm  ) 

• Parallel  to  cell  direct Lon 
e Perpendicular  to  cell 
direction 


(Polycrystalline  Self-Bonded) 
K 

Rolled  Corrugated  Sheet 

3.0 

0.35 

54 

9 

1428 

1900 


Table  XVII 


Manufacturer:  DuPont,  Wilmington,  Delaware 

Support  Material:  TOKVEX  (Al^) 


(Identification  in  Table  Vll)  j 

Support  Geometry  Cross  - Flow 


Cell  size  (mm)  4.75 

Wall  thickness  (an)  0.76 

Frontal  Open  Area  (Z)  65 

Holes /cm? 

Surface /Volume  (sr/mr)  836 

Maximum  use  temp.  ( K)  1770 


2 

Compressive  Strength  (kg/cm  ) 

• Parallel  to  cell  direction 

• Perpendicular  to  cell  direction 
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Table  XVIII 


Manufacturer:  Johns on-Mat they  Co.,  Ltd.  (England) 

Support  Material:  Metal  Foil 

(Identification  in  Table  VII)  _N 


Support  Geometry 


Rolled  Corrugated  Sheet 


Cell  size  (mo)  'v.1.5 

Wall  thickness  (mo)  .05 

Frontal  Open  Area  (%)  93 

Holes /cm2  _ _ 62 

Surface /Volume  (in  /m)  4100 

Maximum  use  temp.  ( K)  1650 

2 

Compressive  Strength  (kg/cm  ) 

• Parallel  to  cell  direction  very  good 

• Perpendicular  to  cell  direction  good 


Table  XIX 

Manufacturer:  Matthey-Bishop,  Inc.  (Malveru,  Pennsylvania) 

Support  Material;  Ni  Alloy  Screens 

(Identification  in  Table  VII)  £ 


Support  Geometry 


Spaced  Flat  Parallel  Screens 


Cell  size  (am)  3.18 

Wire  thickness  (mm)  0.38 

Frontal  Open  Area  (Z)  80 

Holes /cm2  2 Z 

Surface/volume  (ni  /in  ) — 

Maximum  use  temp.  ( K)  1650 


2 

Compressive  Strength  (kg/cm  ) 


• Parallel  to  flow  direction 

• Perpendicular  to  flow  direction 


APPENDIX  II 


CATALYST  DESCRIPTION 


This  appendix  contains  a description  of  each  candidate  catalyst 
tested  during  the  program.  A description  of  the  catalyst  support  and 
active  catalyst  materials  is  given.  The  identification  code  found  at 
the  head  of  each  description  refers  to  the  catalyst  found  in  Table  VII 
of  the  text. 
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CATALYST  DESCRIPTION 


i i 

i.j 


IDENTIFICATION  CODE  ( GH  ) 

f 

|. 


SUPPORT 

General 

Manufacturer:  Refractories  Co. 

CATALYTIC  COMPONENTS 
Manufacturer:  Oxy-Catalyst,  Inc. 

i 

l Material:  Cordlerlte 

s 

Wash  Coat  Composition:  A1 ,0 

+ Si02 

. * 

1 Geometry:  0.16  cm.  triangle 

Wash  Coat  Weight  (g/m2):  52.83 

* | 

Surface /Volume  (m2/m3):  2473 

Active  Materials: 

Percent  Open  Aren:  65 

i&lsh. 

(a/5”2) 

Pt  0.85 

.342 

; 

Pd  0.85 

.342 

/•> 

I,  : 

Sri 

; 

C 

■7  . 

. 

/ 

t 

COMBUSTION  SYSTEM  ASSEMBLY 

Length  of  catalytic  segment  (cm)  : 5.08 
Number  of  segments  : 4 

CAP  between  segments  (cm)-  : 0 

Total  catalyst  volume  (cm;  : 411 


m m-  two  of  the  4 segments  had  unstabilixed  wash  coats  and  the  other 
two  segment's  wash  coats  $?are  stabilised  with  SiO^. 
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CATALYST  DESCRIPTION 


IDENTIFICATION  CODE  ( JH  ) 


, s 


SUPPORT 

CATALYTIC  COMPONENTS 

General 

Manufacturer:  Refractories  Co. 

Manufacturer:  Oxy-Catalyst  Inc. 

Material:  Cordierite 

Uash  Coat  Composition:  Al^O^  4- 

sio2 

Geometry:  .16*. 32  cm. 

rectangle 

Wash  Coat  Weight  (g/n»Z):  44.96 

Surface /Volume  (m^/m  ):  1537 

Active  Materials: 

Percent  Open  Area:  79 

(kg/m3) 

Pt  0.85 

0.549 

Pd  n ns 

fl-SAQ 

COMBUSTION  SYSTEM  ASSEMBLY 


REMARKS: 


Length  of  catalytic  segment  (cm)  : 5.08 
Number  of  segments  : 4 

GAP  between  segments  (cm)  : a 

Total  catalyst  volume  (cm^)  ; 411 


Two  of  the  four  segments  had  unstabilized  wash  coats  and  the 
other  two  segment's  wash  coats  were  stabilized  with  SiOj. 
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CATALYST  DESCRIPTION 


IDENTIFICATION  CODE  ( PH  ) 


SUPPORT 


CATALYTIC  COMPONENTS 


General 

Manufacturer:  Refractories  Co. 
Material:  Cordierlte 

Geometry:  0.16  cm.  square 

Surf  ace /V oluaa  (m2/m3):  1937 
Percent  Open  Area:  73 


Manufacturer:  Oxy-Catalya t Inc. 

Hash  Coat  Composition:  A1„0„  + SiO 

2 3 2 


W *h  Coat  Weight 

(g/m2) : 

46.28 

Active  Materials: 

Pt 

-O-S* — 

A /.Hi 

^nFroO1111  1 

Pd 

JU& — 

-0.435 

COMBUSTION  SYSTEM  / jggjttLY 


Length  of  catalytic  segment  (cm)  : 

5.08 

Number  of  segments 

4 

GAP  between  segments 

(cm)  :* 

0 

Total  catalyst  volume 

» (cm3)  . 

411 

REMARKS: 

Two  of  the  four  segmants  had  unstabilised  wash  <_j«ts  and  the 
other  two  segment’s  wash  coats  were  stabilized  with  Si^. 
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CATALYST  DESCRIPTION! 


i 

t 

I 

| IDENTIFICATION  CODE  ( inr  ) 


i 


SUPPORT 

CATALYTIC  COMPONENTS 

Manufacturer:  Norton 

Manufacturer:  oxy-Catalyst  Inc. 

Material:  SIC 

Wash  Coat  Composition:  A1203  + S102 

Ceamstry:  Q.31  cm.  circle 

Wash  Coat  Weight  <»/«*):  110.04 

Surface /Vo luae  (a2/a3):1100 

Active  Materials: 

Percent  Open  Area:  70 

<*»/»)  U/.2) 

Pt  US  0.767 

Pd  fl.sta  0.767 

COMBUSTION  SYSTEM  ASSEMBLY 


Length  of  catalytic  ttgMat  (c*)  : 5.09 
Number  of  UfM&tf  : 4 

GAP  between  ••(■eats  (ca)  - 0 

Total  catalyst  voluna  (c«  ) • 4x1 

( SB&MSS&L  Hoi («  in  aooolith  vara  sli(htly  alllptlcal.  Heavy  wash  coat  applied 

| for  good  adhesion. 

' . , 

} ■ ’’  .< 


CATALYST  DESCRIPTION 


IDEHITFICATIOK  CODE  ( EH  ) 


SUPPORT 

CATALYTIC  COMPCKKNTS 

General 

Manufacturer:  Refractories  Co. 

Manufacturer:  Qjcy-Catalyst  Inc. 

Material:  Condierlte 

Waah  Coat  Composition:  Al.,0.  + 

Si02 

Geometry:  0.158  cm.  circle 

Hash  Coat  Peight  (g/m2):  46.7 

Surf  ace /Volume  (m2/m3):  1700 

Active  Materials: 

Percent  Open  Area: 07 

fra/"3? 

(8/m2) 

Pt  0.85 

0.496 

Pd  0.85 

0.496 

CCHBUST10M  SYSTEM  ASSEMBLY 


Length  of  catalytic  ^egpaent  (as)  : 5.08 
K umber  of  segments  : 4 

CAP  between  sapumts  (cm).  : 0 

Total  catalyst  volume  (c tar)  : 411 


REMARKS:  7X*r*  of  the  4 saga  cats  had  unstablllzed  wash  coats  and  the  other 
tvo  ciegment's  wash  coats  were  stabilized  with  S109. 
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CATALYST  DESCRIPTION 


IDENTIFICATION  CODE  ( - ' ) ‘ 


SUPPORT 

Manufacturer:  W.  R. 


Grace 


CATALYTIC  COMPONENTS 
Manufacturer:  W.  R,  Grace 


Material:  Cordierite 

Geometry:  q.127  cm.  square 
2 3 

Surf  ace /Volume  (■/«):  2109 
Percent  Open  Area:  69 


Wash  Coat  Composition:  53  vtZ  NiO  + Si02 


Wash  Coat  Weight 

(g/m2) : 

52.26 

Active  Materials: 

<&/*h 

Pd 

1-25 

0 -60 

Kh 

QJQ55 

QJQ2Z 

COMBUSTION  SYSTEM  ASSEMBLY 


Length  of  catalytic  segment 

(<»)  J 5. OP 

Number  of  segments 

: 4 

GAP  between  segments  (cm) 

••  0 

Total  catalyat  volume  (car) 

} 

: 411 

REMARKS: 

W.  EL.  Gracr  - 607 
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CATALYST  DESCRIPTION 


iDBrrmcATioH  code  ( hh  ) 


SUPPORT 

CATALYTIC  COMPONENTS 

General 

&8tufac tutor:  Refractories  Co. 

Manufacturer:  Oxy-Catalyst,  Inc. 

Material:  Cordierite 

Vaah  Coat  Composition:  ai  0 4-  S102 

Geometry:  0.31  cm.  circle 

Wash  Coat  Height  (g/m2):  100.4 

Surface /Volume  («2/sf*):  996 

Active  Materials: 

Percent  Open  Area:  73 

Pt  . iUi  -Jk-SAh- 

pd  Q.ai , jkMa, 

COMBUSTION  SYSTEh  ASSEMBLY 

Length  of  catalytic  segment  (cm)  : 5.08 
Kuabar  of  segments  : 4 

GAP  between  segments  (cm)  : 0 

Total  catalyst  volume  (cra^)  . ai  t 


UMtfKS:  Two  of  tie  4 segments  had  unstabilised  wash  coats  and  the  other 

two  segment's  wash  coata  were  stabilized  with  SIO^* 
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CATALYST  DESCRIPTION 


IDENTIFICATION  CODE  ( gP  ) 


SUPPORT 

CATALYTIC  C0KP0KWTS 

Manufacturer:  w.  &.  Grace 

Manufacturer:  v.  R.  Grace 

Material:  Cordlerite 

Hash  Coat  Campos  it  Ion:  ZrO^ 

Geometry:  .127  cm.  square 

Wash  Coat  Weight  (g/m2):  75.1 

Surf  ace /Volume  (m2/m3) : 2109 

Active  Materials: 

Percent  Open  Area:  69 

JasiSLl 

r<! 

CoO  57.27 

2\.x" 

COMBUSTION  SYS EBH 

Length  of  catalytic  (cm)  : 5. 02 

Number  of  Mgtmti  : i 

GAP  between  segment!*  \rm)  : 0 

Total  catalyst  volume  (cut-')  v 4X2 

RIHARKS: 

V.  . Graca  Dave*  - 516 
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CATALYST  DESCRIPTION 


IPEimyiCATICM  CODE  C KM  ) 


SUPPORT 

CATALYTIC  COMPONENTS 

Manufacturer:  w.  R.  Grace 

Manufacturer:  w.  R.  Grace 

Material j Cordierin 

Waah  Coat  Composition:  6 wtX  CeO  + A1203 

Geometry:  0.127  cm.  square 

Mash  Coat  Weight  (g/m2)  : 39.2 

2 3 

Surf  ace /Volume  (*/*):  2109 

Active  Materials: 

Percent  Open  Area:  69 

(W»3)  (g/»2) 

Pt  .1*28 ..fleSa 

Pd  Qi.g,l„,  -JLM- 

1 

CCSSBU  STUBS  SYSTEM  ASSEMBLY 


Length  of  catalytic  segment  (cm)  : 5.08 
Humber  of  awtgsMUits  : 4 

CAP  between  aagaaats  (cm)  , : 0 

Total  catalfat  volussa  (os'5)  : 43.1 


REMARKS: 


W.  R.  Grace  Bavex  - 514 


CATALYST  DESCRIPTION 


IDENTIFICATION  CODE  ( KX  ) 


SUPPORT 

Manufacturer:  W.  R.  Grace 
Materiel:  Cordierite 
Geoaetry:  .127  cm.  square 
Surf  ace  /Volume  (a2 /«3):  2109 
Percent  Open  Area:  69 


CATALYTIC  COMPONENTS 
Manufacturer:  W.  R.  Grace 
Vaah  Coat  Composition:  25  vtZ  CeO  + A^G^ 


Wash  Coat  Weight 

(g/m2) : 

60.03 

Active  Materials: 

(kg/m3) 

(g/m2) 

Pt 

2-75 

Pd 

2.75 

1.30 

COMBUSTION  SYSTEM  ASSEMBLY 

Length  of  catalytic  segment  (cm)  : 5.08 
Number  of  segments  s 4 

GAP  between  segments  (cm>3  : 0 

Total  'lately*  t volume  (cm  ) : 411 


REMARKS.' 


V.  &.  Grace  Davas  - 512B 
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CATALYST  DESCRir lLwN 


IDENTIFICATION  CODE  ( KQ  ) 


SUPPORT 

CATALYTIC  COMPONENTS 

Manufacturer:  U.  R.  Grace 

Manufacturer:  w.  R.  Grace 

Material:  Cordierlte 

Wash  Coat  Composition:  25  wtZ  CeO  + A1;0~, 

Gaoaetry:  .127  ca.  square 

Wash  Coat  Weight  (g/m2) : 44.1 

Surf  ace  /Voluae  (m2  /a3):  2109 

Active  Materials: 

Percent  Open  Area:  69 

toLtoh  (a/»2) 

Pd  1.12  1.55 

COMBUSTION  SYSTEM  ASSEMBLY 


Length  of  catalytic  segment  (cm)  ; 5.08 
Nuaber  of  segaents  : 4 

GAP  between  aegaents  (on)  : 0 

Total  catalyst  voluaa  (cm-1)  • 4^ 


REMARKS: 


V.  &.  Grace  Da vex  - 517 


CATALYST  DESCRIPTION 


IDENTIFICATION  CODE  ( KR ) 


SUPPORT 

CATALYTIC  COMPONENTS 

Manufacturer:  W.  R.  Grace 

Manufacturer:  w.  R.  Grace 

Material:  Cordierite 

Wash  Coat  Composition:  25  wtZ  REo(a)  + Al^C 

Geometry:  .127  cm.  square 

Wash  Coat  Weight  (g/m2):  44.15 

Surf ace /Volume  (*2/m3) : 2109 

Active  Materials: 

Percent  Open  Area:  69 

frg/”3) 

RE0(a)  22 -LULL- 

COMBUSTION  SYSTEM  ASSEMBLY 


Length  of  catalytic  segment  (cm)  : 5.08 
Number  of  segments  4 

GAP  between  segnents  (cm)  : 0 

Total  atalyat  volume  (cm3)  : 411 


REMARKS: 

V.  R.  Grace  Davex  - 521 

^Commercial  mixture  of  rare  earth  £xides 
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CATALYST  DESCRIPTION 


IDENTIFICATION  CODE  ( RA  ) 


SUPPORT 

CATALYTIC  COMPONENTS 

Manufacturer:  Pure  Carbon  Co. 

Manufacturer:  General  Refractories  Co. 

Material:  SIC 

Wash  Coat  Composition:  None 

Geometry:  .31  cm.  corrugation 

2 

Wash  Coat  Weight  (g/m  ) : None 

Surface /Volume  (m^/m^):  1428 

Active  Materials: 

Percent  Open  Area:  68 

Wm3)  lg/m.2L. 

' -• 

R’O^Mixture  - 97.3  ~ 68.25 

COMBUST! ON  SYSTEM  ASSEMBLY 


Length  of  cutely tic  segment  (cm)  : 10.16 
Number  of  segments  : 2 

GAP  between  segments  (cm)  : 0 

Total  catalyst  volume  (cm-*)  : 411 


REMARKS; 


Ca) 


Rare  Earth  Cbcide  mixture  fused  to  SIC  monolith  with  no  wash  coat 
or  any  otter  high  surface  area  material. 


'-O 
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CATALYST  DESCRIPTION 


IDENTIFICATION  CODE  ( KU  ) 


SUPPORT 

CATALYTIC  COMPONENTS 

Manufacturer:  u.  R.  Grace 

Manufacturer:  w.  R.  Grace 

Material:  Cordlerite 

Wash  Coat  Composition:  12.34 

wt*  BMO<a>  + / 

Geometry:  1.27  cm.  square 

Wash  Coat  Weight  (g/m2):  37.47 

Surface /Voluae  (a2 /a3):  2109 

Active  Materials: 

Percent  Open  Area:  69 

pd  n.,ia9 

n.ias . 

CuO  + Cr^  + Mn02  28.22 

■11*32 . 

COMBUSTION  SYSTEM  ASSEMBLY 


! I 


Length  of  catalytic  aegment  (cm)  : 5,08 

Number  of  aagaanta  4 

GAP  between  aagaanta  (ca)  0 

Total  catalyat  volume  (ca3)  : 411 


REMAKES: 

V.  R.  Grace  Dave*  >523 

Baue  Metal  Ox Id* a of  Cut  Cr  and  Mn. 
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CATALYST  DESCRIPTION 


IDENTIFICATION  CODE  ( MQ ) 


SUPPORT 

CATALYTIC  COMPONENTS 

Manufacturer:  U.  R.  Grace 

Manufacturer:  W.  R.  Grace 

Material:  Cordierite 

Wash  Coat  Composition:  25  wtZ  CeO  + A^O^ 

Geometry:  0.635  cm  x 0.144  cm 

2 

Wash  Coat  Weight  (g/m  ) : Not  Known 

rectangle 

Surface /Volume  (m  /m  ):  Not 

Active  Materials: 

Known 

o O 

Percent  Open  Area:  75 

(fcfi/rcJL  Xg/ffi  „)■- 

- 

Pd  2.60  Not  Known 

COMBUSTION  SYSTEM  ASSEMBLY 


Length  of  catalytic  segment  (cm)  : 5.08 

Number  of  segments  : 2 

GAP  between  segments  (cm)  : 0 

Total  catalyst  volume  (cur)  • 205 


REMARKS;  Two  segments  of  this  catalyst  were  tested.  The  catalysts  were 

located  at  the  entrance  end  of  the  catalyst  chamber  with  a 10.16 
cm.  gap  between  the  catalyrt  and  the  end  of  the  chamber. 
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CATALYST  DESCRIPTION 


IDENTIFICATION  CODE  ( FZ  ) 


SUPPORT 

CATALYTIC  COMPONENTS 

General 

Manufacturer:  Refractories  Co. 

Manufacturer:  Oxy-Catalyst,  Inc. 

Material:  Cordierite 

Wash  Coat  Composition:  AI2O3  4*  Si02 

Geometry:  0.16  cm  square 

Wash  Coat  Weight  (g/m2) : 49.2 

Surf  ace /Voluam  (m2/n3):  1937 

Active  Materials: 

Percent  Open  Area:  73 

W»3)  («/-2) 

‘ 

Pt  0.275  0.142 

Pd  0.275  0.142 

COMBUSTION  SYSTEM  ASSEMBLY 

Length  of  catalytic  segment  (cm)  : 5.08 

Number  of  segments  4 

GAP  b a tween  segments  (cm)  : 0 

Total  catalyst  volume  (cm3)  : 411 


REMARKS: 
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CATALYST  DESCRIPTION 


IDENTIFICATION  CODE 


SUPPORT  CATALYTIC  COMPONENTS 

General 

Manufacturer:  Refractories  Co.  Manufacturer:  Oocy-Catalyst,  Inc. 


Material: 


Geometry: 


Gwdierite 
0.16  cu  square 


Surf  ace  /Volume  (*2/m3) : 1937 


Wash  Coat  Composition:  AI2O3  + SIO2 

Wash  Coat  Weight  (a/a2) : 49.2 


Active  Materials: 


Percent  Open  Area: 


(kg/m  ) 


IfiZaJ- 


0^03  + Mn02 


COMBUSTION  SYSTEM  ASSEMBLY 


Length  of  catalytic  segment  (cm) 
Number  of  segments 
GAP  between  segments  (cm)  - 
Total  catalyst  volume  (cnJ) 


5.08 

4 

0 

411 


REMARKS: 

During  the  preparation  of  this  catalyst*  the  Pd  was  applied  under 
the  Cr^j  + Ma02  coating. 


CATALYST  DESCRIPTION 


7ICATI0N  CODE 


SUPPORT 

General 

Manufacturer: 

Refractories  Co. 

) 

! 

Material: 

Cordierite 

Geometry:  .16  a 

. 32  cm  rectangle 

i 

Surface /Volume 

(a2 /a3):  1537 

t 

Percent  Open  Area:  79 

COMBUSTION  SYSTEM  ASSEMBLY 


Length  of  catalytic  aegmant  (ca) 

Number  of  segments 

GAP  between  aegaanta  (ca)  ^ 

Total  catalyst  volume  (cm  ) 


5.08 

4 

0 

411 


REMARKS; 


V.  R.  Grace  Davison  Code  915  (Diesel  Exhaust  catalyst) 
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CATALYST  DESCRIPTION 


IDENTIFICATION  CODE  ( FG  ) 


SUPPORT 

CATALYTIC  COMPONENTS 

General 

Manufacturer:  Refractories  Co. 

Manufacturer:  W.  R.  Grace 

Material:  Cordierite 

Wash  Coat  Coaposition:  25  wtZ 

CeO  + A1203 

Geometry:  0.16  ca.  square 

Wash  Coat  Weight  (g/n2):  40.5 

Surface/Volume  (a2 /a3):  1937 

Active  Materials: 

Percent  Open  Area: 

(g/g2) 

pa  ja^aa.- 

JO-20 

CuO  + Cr203  in. 14  - 

.5-34 

COMBUSTION  SYSTEM  ASSEMBLY 


Length  of  catalytic  segment  (ca)  : 5.08 
Number  of  segments  : 4 

GAP  between  segments  (ca)  : q 

Total  catalyst  volume  (ca-*)  : 411 


REMARKS; 

V.  &.  Grace  Davison  Code  915  (Diesel  Exhauat  Catalyst) 
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CATALYST  DBSCRIPTXOtf 


IDSKTIFICATIC^  C®)E  ( FT  ) 


SUPPORT  I 

“ General 

Kamif&eture;::  Refractories  Co. 

Material:  Cordierite 

Gaoaetryi  0.16  m square 

Surf  ace /Volusia  (ss2/*^)l  1937 

Percent  Open  Area:  73 


am, me  ccwpommts 

yn.i- turer ♦ Gay-Catalyst,  Inc. 

WasaS:  Coat  Coupon it ion:  AI2O3  + Sf©2 

KaaU  Coat  Weight  (s/uj2)s  49.2 
Active  Materials; 

item'll  (s/«2) 

Pd  .3.  j'  — 1>J 


CCHBUSTlOW  SYSTEM  ASSEMBLY 


Length  of  catalytic  (an)  : 5.08 

Nuuber  of  : 4 

GAP  betwaca.  jwgnaata!  (cm)  , : 0 

Total  catalyst  volusua  (cm  ) : 411 
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CATALYST  DESCRIPTION 


IDENTIFICATION  CODE  ( QF  ]) 


SUPPORT 

CATALYTIC  COMPONENTS 

Manufacturer:  Johnson  Matthey 

Manufacturer:  Johnson  Matthey 

Material  - Metal  (NI  alloy) 

Vfasli  Coat  Composition:  Stabilized  Al^O^ 

Geowatry:  Corrugated  Roll 

J Wash  Coat  Weight  (g/m^) : — 

Surface /Volume  (a^/afV;  4100 

| Active  Materials: 

Perctat  Open  Area:  93 

| 0m/°3) 

(g/A- 

j Pt  5.27 

1.04 

COMBUSTION  SYSTEM  ASSEMBLY 

Length  of  catalytic  ngMot  (cm)  : 7.55 

Nuabar  of  asgmaats  2 

CAP  bctvttn  a«|Matf  (cm)  5 

Total  catalyst  volums  (cuJ)  : 308 


REMARKS:  Two  aagaaata  of  this  catalyst  vara  packad  into  tbs  catalyst 

combustion  cbanbar  with  a 5 cm  gap  batwaan  ths  sagmanta. 
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CATALYST  DESCRIPTION 


IDENTIFICATION  CODE  ( PC  ) 


SUPPORT 

CATALYTIC  COMPONENTS 

Manufacturer:  Mafthey-Bishop 

Manufacturer:  Mat they- Bishop 

Material:  Metal  (Ni  Alloy) 

Wash  Coat  Composition:  A^O^  + Stabilizer 

Geometry:  Screens 

2 

Wash  Coat  Weight  (g/in  ) : Not  Known 

2 3 

Surface /Volume  (m  /m  ):  Not 

Active  Materials: 

Known 

Percent  Open  Area:  Not  Known 

MslL. 

Pt  Not  Known 

COMBUSTION  SYSTEM  ASSEMBLY 


Length  of  catelytic  segment  (cm)  : 10.16 

Number  of  segments  : 1 

GAP  between  segments  (cm)  * : 10.16 

Total  catalyst  volume  (cm  ) : 205 


REMARKS:  The  Hstthey-Blshop  metal  substrate  catalyst  (PC)  was  located  at  the 

leading  end  of  the  catalyst  chamber  and  a 5.08  cm.  long  segment  of 
General  Refractories  Co.  square  hole  monolith  coated  with  AI2O3 
and  5.5  g/1  of  (1/1)  Pt/Pd  (FL)  was  located  at  the  exit  end  of  the 
chamber.  ▲ 10.16  cm.  gap  existed  between  segments. 
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CATALYST  DESCRIPTION 


IDENTIFICATION  CODE  ( FL  > 


SUPPORT 

General 

CATALYTIC  COMPONENTS 

Manufacturer:  Refractories  Co. 

Manufacturer:  Oxy-Catalyst,  Inc. 

Material:  Cordierite 

Vash  Coat  Composition:  AI2O3  + Si02 

Geometry:  0.16  cm.  square 

Wash  Coat  Weight  (8/m2):  47.6 

2 3 

Surface /Volume  (m  /m  ):  1937 

Active  Materials: 

Percent  Open  Area:  73 

(kg/m3)  (a/*2) 

Pt  1x21  - 

Pd  2.75  1.42 

COMBUSTION  SYSTEM  ASSEMBLY 

Length  of  catalytic  segment  (an)  : S.08 
Nuabnr  of  segments  1 

GAP  between  segments  (cm)  ^ : 10.16 

Total  catalyat  volume  (cm  ) : 105 


REMARKS:  One  segment  of  thia  catalyst  was  used  in  combination  with  catalyat 

PC,  which  was  located  upstream. 
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CATALYST  DESCRIPTION 


IDENTIFICATION  CODE  ( FF 


SUPPORT 

CATALYTIC  COMPOKERTS 

General 

Manufacturer:  Refractories  Co. 

Manufacturer:  Oxy-Catalyst, 

Inc. 

Material:  Cordierite 

| Wash  Coat  Composition:  A^Q^  4- 

Si02 

Geometry:  0.1b  cm.  square 

2 

\ Wash  Coat  Weight  (g/m  ):  49.2 

Surf  ace /Volume  (m2/ta3):  1937 

| Active  Materials 

Percent  Open  Area:  73 

(&/*') 

w 

( 

n,. 

Cr,v03  + Mn0o  28 

14.5 

COMBUSTION  SYSTEM  ASSEMBLY 


Length  of  catalytic  segment  (cm)  : 5.08 

Humber  of  segnents  : 4 

GAP  between  segments  (cm)  : 0 

Total  catalyst  volume  (cm'2)  : 411 


REMARKS:  This  catalyst  was  destroyed  by  a misfire  in  tho  primary  combustor. 
Mo  data  were  obtained. 
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CATALYST  DESCRIPTION 


IDENTIFICATION  CODE  ( FP ) 


SUPPORT 

CATALYTIC  COMPONENTS 

General 

Manufacturer:  Refractories  Co. 

Manufacturer:  Oxy-Catalyst,  Inc. 

Material:  Cordierite 

Wash  Coat  Composition:  AI2O3  + SIO2 

Geometry:  0.16  cm.  square 

Wash  Coat  Weight  (g/m2) : 49.2 

Surf ace /Volume  (v?/a?):  1937 

Active  Materials: 

Percent  Open  Area:  73 

(8/»2) 

| 

ir  1.7  0.88 

COMBUSTION  SYSTEM  ASSEMBLY 


Length  of  catelytlc  segment  (cm)  : 5.0 fj 
Number  of  segments  : 4 

GAP  between  segments  (cm)  : 0 

Total  catalyst  volume  (caJ)  : 411 


Two  segments  of  this  catalyst  were  tested  with  two  segments  of 
catalyst  (FE),  The  different  segments  were  alternated. 
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CATALYST  DESCRIPTION 


IDENTIFICATION  CODE  ( FE  ) 


SUPPORT 

CATALYTIC  COMPONENTS 

General 

Manufacturer:  Refractories  Co. 

Manufacturer:  Oxy-Catalyst,  Inc. 

Material:  Cordierite 

Wash  Coat  Composition:  Al^O^  + Si02 

Geometry:  0.16  cm.  square 

Wash  Coat  Weight  (g/tn2) : 46.5 

Surf ace /Volume  (m2/m3):  1937 

Active  Materials: 

Percent  Open  Area:  73 

(kg/m3)  (g/m2) 

Pt  .85  .437 

Ir  .85  .437 

COMBUSTION  SYSTEM  ASSEMBLY 


Length  of  catalytic  segment  (cm)  : 5.08 
Number  of  segments  s 4 

GAP  between  segments  (cm)  : 0 

Total  catalyst  volume  (cin  ) : 411 


REMARKS:  Two  aegaanta  of  this  catalyst  were  tested  with  two  segments 
of  catalyst  (FD).  The  different  segments  were  alternated. 
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APPENDIX  III 


SUMMARY  OF  EMISSION  INDEXES 
AND  COMBUSTION  EFFICIENCIES 


The  experimental  results  are  tabulated  in  chronological  order. 
The  catalyst  identification  code  letters  appear  in  the  heading  for  each 
run  number.  Since  the  primary  and  secondary  air  streams  were  preheated 
to  400  X,  this  fact  was  omitted  from  the  tabulation.  The  column  "LOC" 
indicates  the  location  in  the  combustor  where  the  data  were  taken.  The 
data  point  locations  are  given  in  Figure  1 in  the  text.  Under  the  column 
identified  "TEMP",  corresponding  to  a particular  "LOC",  zero  (0)  indicates 
that  temperature  was  not  measured  at  that  location  during  that  run.  The 
data  obtained  at  the  catalyst  bed  inlet  is  identified  under  "LOC"  by  the 
number  1,  and  the  data  obtained  at  the  exit  of  the  catalyst  bed  is 
identified  by  number  2.  The  combustion  efficiency  and  emission 
indexes  were  estimated  for  each  "LOC"  by  solving  the  equations  given  in 
Section  IV,  Part  13  of  the  text.  The  remaining  data  columns  are  self- 
explanatory. 
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T? 


10.17  50.69  17.22  1167  N 0 75  14.5  36  39  13  99.8  3.74  0.37  3.19 
10.17  50.69  17.22  1167  0 0 168  15.0  29  32  72  99.6  8.38  2.05  2.62 
10.17  50.69  17.22  1167  1 0 525  15.6  15  21  410  98.2  26.20  11.6#  1.72 
10.17  50.69  17.22  1167  2 0 130  15.0  29  35  32  99.7  6.48  0.91  2.86 
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